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S U M M A R Y
In the work on vanadates described in this thesis, an attempt was 
made to identify all stable ions in their solutions from the alkaline 
side of neutrality, at pH 10, to the lowest pH value that vanadic acid 
attains, pH 2.
Prom a study of the reactions of vanadate solutions with anion 
exchangers of varying porosity, it was shown possible, by means of an 
ionic sieve mechanism, to separate ions of differing degrees of complexity 
physically in much the same way as that achieved by early workers using 
diffusion and dialysis. However, it was possible in the present work 
to identify them chemically.
Despite the obstacles to the investigation of the isopoly acids, 
namely the chemical similarity between the different isopoly anions 
and the fact that condensation phenomena are continuous with the possi­
bility that the products of two or more stages of condensation can 
exist side by side, this ion exchange technique could give valuable in­
formation because it imposed discontinuities on a system showing otherwise 
a continuous variation in properties.
It has been possible to show the existence of five stable ions 
in these solutions from the most complex, apparently a decavanadate, at 
pH 2, to the pyrovanadate, a divanadate, at about pH 10. The results 
obtained in the present study would indicate that the ionic sieve 
properties of ion exchange resins may be of value in the study of other 
isopoly and heteropoly acids.
■v~
The work on quinquevalent vanadium phosphates, which consisted 
of a study of the phase diagram of the system V^O^-PgO^-H^O, indicated 
that two stable compounds of the yellow or luteo type are formed in 
acid media. These are 611^ 0 and VgO^.l^PgO^^^HgO, that
is (V0)P04.6H20 and (V0)2(HP04)’3.7H20.
Investigations of phosphovanadate solutions indicated the presence 
of the ion 5V20^.0.5P20,-.2.5H20.nH20, that is H^V^O^.PO^.n^O. It 
would further appear that this is possibly the only phosphovanadate 
ion to be formed in solution.
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P A R T  I
INTRODUCTION
-2-
REASOHS FOR UNDERTAKING THB PRESENT WORK
Despite the extensive studies of the chemistry of vanadium which 
have been made since the first systematic account given by Berzelius1 
in 18319 many aspects of it still require elucidation.. This is due in 
part to the number of valency states the element may assume, (from two to 
five inclusive), and also to the complex nature of many of its compounds.
It is this second aspect that is significant in the chemistry of 
the polyvanadates.
The isopoly acids of vanadium are in many ways similar to those of 
molybdenum and tungsten and like them give rise to a series of heteropoly 
acids in which a single unit of a second, or Hhetero,f acid group, is 
incorporated in the complex structure.
The work described in this thesis is concerned with the formation, 
in solution, of isopolyvanadate ions and also of heteropolyvanadates in 
which the hetero group is the orthophosphate ion. This latter phase of 
the work has also involved some studies of the corresponding vanadyl 
phosphates which contain quinquevalent vanadium in their cations. 
Historically previous developments in these topics have proceeded along 
similar lines, but for convenience it is preferable to discuss the position 
with respect to the isopolyvanadates separately.
Initially the preparation and analysis of solid crystalline vanadates
provided the basis of knowledge of these compounds. Work in this field
2was carried out by Roscoe, Horblad and other workers in the latter half 
of the nineteenth century*
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Unfortunately the deductions which can be made from analytical 
evidence alone, are very restricted and little progress was made with the 
application of physico-chemical methods until early in the present century.
The first application of such methods to the study of vanadate ions
•3
in solution was that made by Dullberg in 19^4 whilst one of the most re­
cent was that of Rossotti and Hossotti^ in 195&*
With such complex systems as that of the isopolyvanadates it is 
generally not possible to ascertain their detailed features by the use of 
any one physico-chemical method. A shortcoming of several of the 
attempts of early workers in thie field was, in fact* that too much reliance 
was placed on one method of approach. In some instances the assumptions 
on which the application of a given procedure were based have proved open 
to doubt. A further difficulty has been that the complex equilibria in 
these solutions are susceptible to changes in both pH and concentration* the 
former being the most important factor, as will become evident from the 
work now reported.
The appearance and disappearance of a given species in the condensa-
5 6tion series does not occur sharply but over a range of pH ? .
One of the difficulties of correlating the results of previous workers 
has been that investigations were carried out under different conditions of 
pH and concentration and, as a result, although there is a large accumulation 
of experimental evidence, there remained at the outset of this work no 
effective study covering the greater part of the pH range over which these 
various ions exist. As a result there was a lack of a complete understanding
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of the effects of pH.changes on the process of condensation. One of the j
objects of the present investigation was to remedy this defect, j
The investigation of the vanadium(v)]daosphates began* as did that of |
7 8 9 . . !
the vanadates* with the isolation of solid compounds 9 9 from which* without j
ii
supplementary evidence* it is difficult to ascertain the nature of those j
j
which might exist in solution. In the first half of this century work was |
done which made it clear that the phosphates were of two types* yellow or
luteo compounds* true salts of orthophosphoric acid* and the red or purpureo
compounds* which are heteropoly acids* and attempts were made to isolate
compounds of each type* cf. Souchay"^ and Souchay and Dubois‘S.
Systematic studies of the luteo compounds were made by Salmon and 
12Tietze in their investigation of the system V^O^-P^O^-HgO and the follow­
ing work is partifally a confirmation of this. The system has in some ways 
proved to be of an unusual type.
The purpureo compounds have also received some attention in this work 
since previous evidence of their constitution has been uncertain.
The use of ion exchange methods to investigate the vanadates seemed 
appropriate for several reasons. Such techniques have not been previously 
applied in this field and might therefore be expected to contribute data of 
a new kind to supplement that already existing.
Furthermore* they had already been used and found to be of value in
other studies of complex anions such as those of germanic^*^* boric^, 
jL 6 17
arsenious and telluric acids* Certain other techniques were used as auxil­
iaries in ascertaining various points.
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As regards the phosphates a study of the system 
was judged to offer the best systematic approach to the luteo compounds# 
The purpureo compounds were investigated by ion exchange and other 
techniques#
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ION EXCHANGE RESINS M D  THEIR PROPERTIES
The effects of the operation of natural ion exchangers have heen
utilised for some centuries in various filters, usually of clay, for the
purification of "brackish waters but no study was made of these phenomena
till 1850 when Way and Thompson18*1  ^found that soils retained certain
fertiliser salts, e.g. ammonium sulphate and potassium chloride, even after
20
prolonged washing with rain water* From I85O to 1854 Way reported the
results of his investigations to the Royal Agricultural Society which were
thus the first systematic studies of ion exchange.
His work aroused the interest of other soil chemists, and in 1876 
21Lemberg demonstrated that ion exchange processes are both reversible and
22 1stoichiometric and at the turn of the century Gans made the first j
i\
attempts to use ion exchangers for industrial purposes such as water treatment! 
employing both natural and synthetic zeolites* j
The first recorded use of exchangers in analysis was that of Folin j
23 t
and Bell in the determination of ammonia in urine,
!
This and other work in which natural and synthetic siliceous exchange I
ers were used stimulated great interest but it was already apparent that 
these materials were unsuited for all but limited uses being stable only over j
a narrow range of pH, dissolving in acid and becoming peptised in strongly j
alkaline solutions.
2d  1Therefore when Adams and Holmes in 1935 showed it to be possible to
synthesise resins capable of acting as ion exchangers a great advance has !
been made. These materials, while fulfilling the criteria of complete
insolubility and high exchange capacity, also pointed the way to the manu­
facture of many different types of resin exchangers specifically suited 
to varying tasks.
Adams and Holmes synthesised cation exchangers by condensing phenol
sulphonic acids with formaldehyde, they also synthesised weakly basic anion
exchangers by the condensation of polyamines with formaldehyde.
2*5 2&At about the same time as this Liebknecht and Smit also obtained 
organic cation exchangers by the sulphonation of various coals.
These and subsequent developments led to the modern ion exchange resins 
which fulfil the requirements of complete insolubility and high capacity and j
are in addition usually monofunctional in character, that is, possessing but j
one type of ionisable group. This last quality is extremely important in j
resins required for use in research since it does away with possible variations ;
in resin capacity with, for example, change in pH. Such resins have an 
inert hydrocarbon network to which ionisable groups are attached, the opera­
tions introducing these groups being such as to ensure only one sort being 
present in the product.
Many kinds of resin are now available commercially§ the weakly 
acidic exchangers possessing carboxylic or phenolic groups, the strongly 
acidic resins with sulphonic acid groups, the weakly basic with amine groups
and the strongly basic resins with quaternary ammonium groups being the more j
|
common.
Eesins used in this work were of the strongly acidic and basic types, 
ZeoKarb 225 and DeAcidite F.F. respectively.
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ZeoKarh 225 is a polystyrene resin with attached sulphonic acid 
groups and the preparation of a resin of this kind is shown in Figure I* 
Styrene is polymerised, with divinyl henzene as the cross-linking agent, 
and the resulting polystyrene heads are then sulphonated giving the ion 
exchanger as the product.
One other type of cation exchanger was used for a specific purpose, 
this was ZeoKarh 215, a resin of an earlier type consisting of a sulphonated 
phenol-formaldehyde network.
DeAcidite F.F. is also a polystyrene resin hut with quaternary 
ammonium groups attached to the lattice. A typical preparation of a strong-' 
ly hasic anion exchanger is shown in Figure II, A polystyrene resin is 
synthesised with styrene and divinylhenzene or an alternative cross-linking 
agent. The heads so formed are then chioromethylated with chloromethyl 
ether and a Friedel-Crafts catalyst, the strongly hasic groups heing intro­
duced hy treating the chioromethylated intermediate with a tertiary amine.
By varying the amount of the cross-linking agent used in the prepara­
tion, the porosity of the resulting resin may he varied, cf. Pepper, Paisley 
27and Young .
In this work cation exchangers have heen used as preparative or 
analytical tools whereas the main hody of“ the ion exchange work is concerned 
with anion exchangers. It is therefore necessary to consider some of their 
properties.
The effective capacity of a swollen resin, that is, its capacity to 
exchange its chloride ions, in the case of the chloride form, for other
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anions in the wet state, on a volume basis, depends on the degree of cross- 
linkage of that resin and on the number of active sites it contains. The 
greater the number of active sites the more the resin will swell when • j
wet, and in order to offset this and maintain its effective capacity in j
f
relation to volume, an increase in cross-linking is necessary.
Should cross-linking be too extreme, however, exchange will be j
j
hindered, and, in the preparation of various modern resins, where the active j
j
groups are introduced into an already prepared lattice, it may even prevent j
the formation of a resin with evenly distributed active sites which may, j
|
in extreme cases, be limited to the bead surfaces.
For this reason the balance between the capacity and the cross-linking 
of a resin is important and should be suited to a given use. It must also 
be remembered that the porosity of a resin depends to some extent on its 
capacity.
|
It became important in this work to have some relative measure of [
porosity for the resins used and this presented certain difficulties. It j
might be thought that the degree of cross-linkage as represented by the 
amount of cross-linking agent used in the preparation of a resin would pro­
vide this but this idea proved erroneous. One reason is that, as just 
indicated, the porosity of a resin depends partly on the number of active i
sites it possesses. A second and more important reason is that the amount j
of cross-1inking agent employed in preparing the polystyrene is not a true j
measure of the degree of cross-linking in the final resin since such a measure j 
presumes the preparative reactions to have occurred in a perfect standard i
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manner and9 in the case of anion exchangers the introduction of the quater­
nary ammonium groups causes further cross-linking "by side reactions.
The desiderata of any value taken as representing the mean porosity 
are that it should be determined experimentally on the resin itself and 
that it should take into account the interplay of cross-linkage and 
capacity. Such a measure is the degree of weight swelling of a resin.
OQ
Pepper showed that the swelling of an ion exchanger decreases 
with increasing cross-linkage and that it is an important function in 
exchange reactions as has been shown both theoretically and in
practice2* ^ 30*31.
Centrifuge methods have been found useful for the determination of
the amount of water sorbed by a resin on swelling3 having been widely used
32in similar ■Measurements on textile fibres . Their first use as applied
33to ion exchange resins was described by Gregor9 Held and Beilin .
The weight swelling may be defined as the amount of water sorbed by 
a given sample of resin divided by the dry weight of that sample^ it will 
be understood that the methods of determining these weights are of paramount 
importance.
In the case of resins used in this work the determinations were 
carried out by a method based on that of Pepper3 Reichenberg and Hale3 ,^
A specimen of the resin in the chloride form is soaked in water in a small 
glass tube? ca. 0.25 ins. in diameter and closed at the bottom with a 
sintered disc| a few drops of cirassola a surface active agenta are added
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to assist drainage and the tube sealed with a rubber cap to prevent 
evaporation*
In order to allow the interstitial water to drain from the tube 
unhindered while it is centrifuged* two small holes are blown in it near 
the cap. It is now centrifuged at about 4-00 8° f°r one hour and then 
weighed* Previously the same tube without resin has undergone this treat­
ment and its weight is subtracted from that above giving the wet weight 
of the resin* It has been found that a correction of the wet •weight for 
remaining interstitial water is necessary and this is 0.03 times the wet 
weight of the resin which 011 subtraction gives the corrected wet weight*
In the next stage the tube with the resin in it is dried at 90°C 
for at least 24 hours and then cooled in a vacuum desiccator over 
magnesium perchlorate and weighed. As before* the empty tube has been 
treated in the same way and its weight subtracted from that above gives 
the dry weight of the resin sample. The difference between the wet and 
dry weights gives the amount of water sorbed and this* diyided by the dry 
weight? gives the weight swelling value of the resin.
In spite of the fact that resins with differing cross-linking 
agents were used in this work and values so obtained appeared to give a 
good relative measure of porosity* the results for different resins being 
consistent* Useful results can only be obtained with resins of uniform 
structure and DeAcidite P*P* was excellent in this respect*
Difficulties which might have arisen from extremely large variations
-12-
in the number of active groups present in different resins were avoided* 
The resins used varied in capacity from 2*50 to 3.25 m.Equiv./Gm. being 
of a mean value of about 2.5 m.Equiv./Gm.* of. Table I. Resins slightly 
outside these values were occasionally found and these were only used if 
they were consistent with the other resins in their behaviour.*
TABLE I
The capacities of resins of different weight swelling values.
Weight Swelling Capacity (m*equiv./gm. )
2.12 2.74
1.30 3.24
1.04 2.48
(0.95) (3*47)*
• 0.91 2.68
0.80 2*58
0.75 2*56
0.63 2.94
0.60 3„ 02
0.49 3.10
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THE THREE COMPONENT PHASE DIAGRAM
In a system having three components there are four degrees of freedom, 
thus the temperature, the pressure and the concentration of two components 
may he varied independently.
Since this work is concerned with a solid-liquid system at atmospheric 
pressure, variations in pressure may he disregarded, and if the temperature 
is kept constant, only the two concentration variables need be considered. 
These two variables can be plotted on a planar chart, the most 
convenient diagram being an equilateral triangle, each of whose sides re­
presents the concentration scale of a component, the length of a side being
equivalent to a total concentration of one component.
Due to its geometric properties, this type of chart has many ad­
vantages. For any point in the triangle the sum of the distances of that 
point from each of the sides, measured parallel to the sides, is equal to 
the length of one side. Thus each distance to a side represents the 
amount of one component present and these distances in total give one 
hundred per cent. Each point in the triangle therefore represents a 
unique mixture of the three components.
(Fig.Ill, point X, x+y+z « 100$)
Also a line drawn from a corner of the triangle to a point on the 
opposite side represents varying amounts of the component at maximum con­
centration at that corner, the other components bearing a constant ratio
one to the other.
(Fig.Ill, line AY).
F ' Q u r e :  H
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If a line is drawn through two points on the diagram, any point
on the line represents a mixture of the quantities signified "by the
original points in the ratio of its distance from the given points§
therefore in Figure III "c" represents a mixture of "a" and ”b" in the
ratio of ”ca" to "cb", Thus if the composition of one phase and that of
a mixture of the two phases is known*, the composition of the second phase
will lie on the line joining the points representing these. It is on this
35that Schreinemaker1s "wet residue" method-depends .
If, on Figure III, and represent the composition of saturated 
solutions in equilibrium with the wet solids and Sgj then the point re­
presenting the composition of the dry solid will lie at the intersection of 
L-^ S^  and an<^  ^2^2 are ^erme<^  lanes an(^  curve
is a solubility isotherm which is normally made up of intersecting arcs 
denoting the regions of formation of the corresponding solid compounds.
When completed such diagrams show the composition of solid compounds 
in equilibrium with a range of solutions, a change in the solid phase being 
normally associated with a break in the solubility isotherm. They there­
fore provide a means of systematic study of solid-liquid systems in 
equilibrium.
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THE USE OF SPECTROPHOTOMETRY M D  pH TITRATION TECHNIQUES
Condensation in isopoly or heteropoly acid systems may give rise 
to changes in the electronic configurations of the ions concerned which 
will affect the optical properties of their solutions. These changes 
may he used in investigating the properties of such ions? cf. Viterhi 
and Krausz^*
Investigations by Deribere^ on the passage of light of wavelengths 
approaching those of the infra red region through solutions of condensed 
anions showed that little or no change takes place when the pH is alteredo 
However? many such solutions show changes in colour with pH and it might 
be appropriate to examine their spectra in the visible or ultra violet 
regions.
Job devised a quantitative use of such methods which was adapted
39by Warren9 Vosburgh and Cooper to the study of complex anions. This 
method of ’’continuous variations” consists of mixing solutions^ of the 
complex acid to be investigated and of a base at the same molar concen­
tration;, in varying proportions and measuring a suitable optical property. 
The difference between the experimental value of the optical property and 
that value calculated for the solutions,, assuming no interaction to have 
occurred between them? is then plotted against the variation in composition 
of the solution. The resulting curve will have a maximum or a minimum at 
which the solution’s composition will bear a simple relationship to the 
condensed species formed and be independent of equilibrium constants pro­
viding the molar concentrations of the mixed solutions aro equal*
-16-
Unfortunate ly, where more than one compound is formed in a solution, 
the wavelength suitable for investigation changes. Also in the mixing
of the solutions large concentration changes occur. Both of these factors 
lead to questionable results with such complex systems as those of the 
isopoly acids. For these reasons Warren and his colleagues were able 
to investigate the chromate-dichromate transition but were unable to
40
detect the more complex ions now known to exist in chromate solutions *
Bearing these facts in mind it was decided that it would be useful
to undertake spectrophotometric investigations as qualitative auxiliaries
to ion exchange work but to avoid attempting quantitative interpretations
which might prove misleading.
Similar ideas governed the use of pH titrations, these having been
used by many workers in this field, e.g. Britton and co-workers^ 9 
5 6
Guiter and Ducret . The latter workers stated that, in most cases, 
these titrations do not yield sufficiently characteristic results to 
permit quantitative interpretation. Where results have been clear-cut, 
however, they have been found very valuable in elucidating points of 
significance in this work.
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P A R T  II
VMADATE IONS IN SOLUTION
-18-
VAHADIC ACID AID THE VANADATESg HISTORICAL ACCOUNT .
As already mentioned Berzelius gave the first systematic account
1
of the chemistry of vanadium compounds in 1831 . In this he described the
properties of what he believed to be the element and its chloride* in
reality its lower, oxide and oxychloride* VO and VOCly
It was known to early investigators that the highest oxide of vanadium
is the pentoxide and that this gives rise to a series of acids and salts0
The simpler of these anions bear some resemblance to those of orthophos-
phoric and arsenic acid* but unlike these are formed solely in alkaline
solution. As the pH is lowered to a value of seven or less* a marked
condensation occurs with the formation of isopoly acids comparable to those
of molybdenum and tungsten.
The first investigations of the vanadates occurred in the latter
half of the nineteenth century and consisted of the isolation of crystalline
2solid compounds by such workers as Berzelius* Roscoe, Ditte and Norblad .
Many of the simpler salts proved to be isomorphous with corresponding 
phosphates and arsenates but other* more complex* compounds were isolated.
The results of more recent work would indicate that some of these compounds 
have their counterpart in solution* but many of them bear little relation­
ship to any ions which could exist in solution. Due to uncertainty in 
interpretation of this type of evidence* it is unwise to place any re­
liance in it without strong backing from other sources. It is* however* 
interesting that at this period both Roscoe^ and Rammelsberg^ based
-19-
their suggestions as to the nature of the ions formed in the condensation 
process solely on this evidence* They both postulated a transition from 
orthovanadate to pyrovanadate in alkaline solution and thence to meta­
vanadate at about neutrality. Bammelsberg also stated that with a 
further fall in pH a tetravanadate is formed which* in turn* gives a 
hexavanadate.
The first contribution to the knowledge of vanadates in solution 
was that of Huliberg who determined the molecular weight of the alkali 
metal vanadates by normal eryoscopic methods* introducing corrections in his 
calculations to eliminate errors due to variations of concentration caused 
by crystallisation of the solvent. From this work he concluded that the 
metavanadate is a trivanadate and that a hexavanadate exists in acid
45solution. Confirmation of this work was provided by Prandtl and Hess
and also by Canneri and Cozzi4 who used cryoscopic methods to study esters
of vanadic acid.
. 47Caneri in 1923 had shown that* at 30°C* the conductivity of sodium 
metavanadate solutions* when acidified with acetic acid* varied continuously. 
This indicated that the condensation of vanadate solutions "with falling pH 
is a continuous function of hydrogen ion concentration and shows why diffi-
t
culties have so often been encountered in interpreting the results of 
measurements of the physical properties of this system.
A O
In 1933 Jander and Jahr4 approached the problem by studying the 
rates of diffusion of vanadate ions and showed that their molecular v/eights 
rise as the pH of their solutions fall. These conclusions were supported
-20-
by evidence from electrometric titrationso Jander and Jaht also made 
calculations of the sizes of the ions in solution "but as ionic charge, 
shape and degree of hydration were neglected, all of which affect rates 
of diffusion to a greater degree as the size of ions increases, their con­
clusions are of doubtful value, However, their evidence indicated the 
presence of orthovanadate ions in strongly alkaline solutions condensing 
to pyrovanadate ions as the pH fallSo These at still lower pH values form 
tetravanadate ions till finally, at pH 2.2, a pentavanadate was "believed 
to he formed. The same workers also claimed that two tetravanadate ions
could condense to form an unstable octavanadate,
49
In later work Jander and Jahr allowed solutions of alkaline earth
metavanadates to stand for some time and found that salts of the type
nMgO^VgOtj-aq.* j where n is three or four, separated out. In other ex- 
50
penments in which acid was added to potassium metavanadate solutions
polyvanadates were obtained for which the ratios of K^OsV^O^ were 3§5?
2§5 and 2s6 respectively. Prom these latter observations, because the
third compound was similar in all properties to the other two, it was argued
that it contained cationic vanadium.
Studies, similar to those on diffusion by Jander and Jahr, were made
51
by Brintzinger and Wallach who investigated the dialysis of vanadate 
ions in alkaline solution through a cellophane membrane, comparing their 
rates of dialysis with those of chromate ions„ This work is open to the 
same criticisms as that on diffusion and furthermore can be interpreted
-21-
in several different ways, the authors themselves suggesting two. In 
spite of this it can be regarded as offering some evidence for the changes 
from orthovanadate, through pyrovanadate, to metavanadate which takes place 
when the pH of a vanadate solution falls to neutrality.
The evidence put forward by Jander and Jahr from the preparation of 
solid compounds had its counterpart in other work. For instance, Rosenheim, 
Pieck and Pinsker^2 in 1916 prepared several hexavanadates and in 1938 
Eugene Hoffmann described the preparation of ethylene diamine hexa^ - 
vanadate, and from the metavanadate of propylene diamine, compounds of com­
positions approaching that of its hexavanadate.
Other indirect evidence for the existence of the hexavanadate ion
54was put forward by Martinez and Trujillo when they postulated a mechanism 
explaining the phenomena that occur when hydrogen peroxide reacts with 
solutions of isopolyvanadates. The mechanism proposed by these workers 
to account for the phenomena observed involves the hexavanadate ion.
Further evidence for the existence of this ion was provided by the results
of conductivity measurements which they reported.
55In 1950 'the same two workers showed the successive formation of 
■%2^2V6^17 an(i ^ 4^6^17 •£,rom vanadic acid solutions, the reaction being 
followed conductimetrically in the solutions. This investigation was a 
valuable one for not only was the composition of the solids which separated 
confirmed by analysis but their formation was also followed by measurements 
of physical properties of the solutions from which they separated.
Trujillo, with Tejera^, carried out further investigations in 
which they showed* from a study of the solubility of potassium metavanadate 
in potassium chloride solutions and by the use of the Debye-Huckel relation­
ship to derive activity coefficients* that a one-four electrolyte was present 
in solution. This they took to be evidence for the existence of the tetra- 
vanadate ion. The pH of their solutions would probably have been approxi­
mately pH 7»
Use was made of pH titrations and allied techniques by Britton 
and Robinson and Britton and Welford^3 They confirmed the transitions
taking place from strongly alkaline to neutral solutions and also concluded 
that the simplest formula for the most highly condensed ion was 
This is possibly a decavanadic acid. Their work made a contribution which 
was useful insofar as titration techniques can give results of any signifi­
cance in this system.
This defect in titration techniques was pointed out by Guiter in 
1946. He observed that titration curves of vanadic acid do not show 
sufficiently pronounced characteristics to permit any wide quantitative 
interpretation and that the solid vanadates* which may be formed during the 
course of such titrations* do not always have compositions corresponding to 
those of ions present in solutions. However* a year later in a second
57
paper he showed that potentiometrie titrations of vanadic acid, in which 
salts of heavy univalent metal cations and of lithium were used* did yield 
curves with marked inflections and that under these conditions the solids 
which separated from solution appeared to correspond in composition to the
ions in solution. In spite of this the interpretation of these results j
proved to he extremely difficult and the author himself did not attempt it.
The titration curves which were obtained with cuprous and silver salts ||
might be interpreted as providing an indication of the orthovanadate- j
pyrovanadate-metavanadate transition but if so the pH values at thoso !
stages of condensation would be much lower than is normally assumed to be |
I
the case. The results with lithium salts might indicate the existence j
j
of a decavanadate at cae pH 2 and a hexavanadate at higher pH values.
58Souchay and his associates made several studies of the nature
of vanadate ions in solution. They determined the solubitility of barium
vanadates, which are only slightly soluble, under conditions of constant
ionic strength but with a varying ratio of cation to anion in solution and
plotted the concentration of anions against that of the cations in solution, j
Rectilinear graphs of significant slope were obtained. It was important
from the point of view of interpretation that the composition of the solid
phase separating out during the experiments should bear some relation to
that of the ions in solution. Their results showed the metavanadate to
be threefold condensed, that is a trivanadate, and that a hexavanadate
ion exists in solution on the acid side of neutrality.
59Souchay and Teyssedre77, in a general review of complex acid 
systems, gave pH and potentiometric titration curves together with cryos- 
copic measurements supporting the views above. In a more recent paper 
from this school, published by Souchay and Chauveau in 1957^j titration
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studies were described, from which it was deduced that the ..ions 
( H and (H2V6°17^2"* are present in vanada'te solutions under 
acid conditions, the cation VC>2+ making its appearance when excess of 
acid is present. They were also of the opinion that a pentavanadate 
ion might exist as a transient product of the breakdown of the hexa­
vanadate ion, There was some evidence that the hexavanadate ion was 
not the final condensation product, but, as mentioned above, titration 
techniques rarely provide sufficient data for tjie complete evaluation 
of a system such as this.
g •
Ducret , who in his paper in 1951 also noted that conclusions 
based on physical measurements were to be accepted with caution, described 
a series of titrations carried out with perchloric acid and sodium 
vanadate solutions under two sets of conditions, namely, directly and 
by boiling the solutions after each addition of acid. Reproducible 
results were obtained from the second method but not from the first where 
a dependence on the rate of addition of acid was observed. Erom the 
results of these titrations and from a general consideration of the data 
available on the vanadates he concluded that the ion VO^ was unlikely 
to exist in solution, being too strong a base, that the orange coloured 
vanadate contained twice as many vanadium atoms as the metavanadate and 
was probably and that a more highly condensed ion than this
existed in acid solution.
In 1956 a paper in which another pH titration technique was
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employed v/as published "by F,J,Co and Hazel Rossotti « A series of
titrations of vanadyl (v) perchlorate with sodium hydroxide and bicarbonate
were carried out, in which the concentrations of the sodium and perchlorate
ions were kept constant by the addition of sodium perchlorate. The re^
suits obtained indicated the presents of a decavanadate ion, probably’
(Hr,V- ~CL0)^ ”" at pH 2, This work is of particular interest in that the 
' 2 10 2o
formation of the most complex anion from the simple vanadyl (v) cation 
was studied, an approach which has much to recommend it as a big change 
in physical properties is involved. However, they could reach no con­
clusions as to the nature of the less complex anions as these were not 
formed in their experiments.
From a consideration of the work already published, the following 
sequence of condensation might be expected. In extremely alkaline solu­
tions the orthovanadate, a monovanadate ion probably incompletely ionised, 
will give place to the pyrovanadate ion, a divanadate, as the pH falls 
to eleven. As neutrality is approached, the metavanadate, which is 
possibly a trivanadate, will be formed. Just on the acid side of 
neutrality a tetravanadate may be formed and this may in turn be replaced 
by a pentavanadate. Reports of this latter ion are extremely doubtful, 
however, and in most cases may be interpreted as indicating the formation 
of a decavanadate ion at a still lower pH, At pH values of five or lower 
a hexavanadate ion may be expected, probably with a charge of two or
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three. It is possible that an octavanadate ion may exist but reports 
concerning its formation are few and rather doubtful, Finally? a more 
highly condensed ions probably a decavanadate with a charge of four* is 
to be expected at pH values below three. With excess acid this ion 
will be broken down to give vanadyl (V) cations.
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THE SGOPE OF THE PRESENT WORK
As condensation in vanadate solutions is dependent not only 
upon their pH hut also upon their concentration it was decided to 
study first solutions of one concentration, namely approximately 0.05 gm. 
atoms of vanadium per litre, hut over a range of pH from ten to two*
This order of concentration was chosen as vanadic acid is 
unstable for any period greater than a few hours if of an appreciably 
higher strength.
At attempt has been made to determine the ratio of the ionic 
charge to the number of vanadium atoms present in each stable ion in 
this system throughout the pH range specified, and to identify these 
ions in the light of this and other work, ascertaining any other of 
their characteristics where possible.
Finally, some studies have been made of the effects of variations 
in concentration, at given pH values, on the degree of condensation of 
the vanadate ions.
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BXPERBMTAL
(I) MATERIALS
Anion Exchangers? For anion exchange experiments Le Acidite F.F.
resins in the chloride form were used. These are polystyrene resins with
strongly "basic quaternary ammonium groups attached to their lattice.
Similar resins prepared according to the method of Pepper* Paisley and 
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Young were also employed. .
Although the resins were nominally in the chloride form* it was 
judged necessary to ensure that this was true of all active sites. To 
this end the resin was first immersed in 3 No hydrochloric acid for at 
least three hours and then washed in a column of 1,5 N hydrochloric acid. 
After this treatment the resin was washed with deionised water until the 
washings gave no reaction with silver nitrate. It was then filtered off 
and allowed to dry in air.
The dry resins were sieved to a uniform mesh size. Due to the 
variety of resins used the choice of mesh sizes varied but this was found 
to be of little importance.
Waters All water used was first distilled and then passed through 
a two-stage ion exchange deioniser* flowing finally through a mixed bed 
ion exchange column which removed any ionic impurities that might remain.
Solutions of Vanadates and Vanadic Acids Solutions of analytical 
grade ammonium metavanadate were prepared by dissolving the solid in
distilled and de-ionised water* These solutions would have a pH value 
of about seven*
Vanadic acid was prepared by passing these solutions through a 
column of ZeoKarb 225 in the hydrogen form* thus replacing the ammonium 
ion with hydrogen ion, a procedure similar to the batch method used by 
Devlin, Wallace and McHabb^. The column used was four centimetres in 
diameter and twenty centimetres high and was capable of producing over 
two litres of vanadic acid (0*05 gm. atoms vanadium/litre) in one opera­
tion* The rate of passage of vanadate solution was about one litre per 
hour* The column was regenerated with hydrochloric acid (3H) and then 
washed with de-ionised water to remove all traces of chloride.
In the passage of vanadate solutions through such a column the 
following phenomena are observed*
As the solution first comes into contact with the resin the 
ammonium ion is removed* thus there is* at the top of the column* an 
ever expanding band of resin in the ammonium form. Between this and the 
hydrogen form of the resin a dark sorption band is formed which consists 
of a mixture of quadrivalent and quinquevalent vanadium, the quinquevalont 
being held very loosely* This band g r o w s as the column is used and may 
reach about three centimetres in thickness* If the column is left stand­
ing with vanadate solution in it, this dark band becomes green, that is, 
it reverts completely to the quadrivalent form of vanadium, and the 
hydrogen form of the resin also acquires a green tinge while the ammonium
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band is unaffected. There is no quadrivalent vanadium in the vanadic 
acid issuing from the column providing that the dark sorption band is 
not allowed to reach its base.
From the above facts it may.be seen that reduction of the
vanadium occurs only on its sorption and although the reducing power
of the resin decreases with use it has not been possible to avoid it
12completely, (cf. Salmon and Tietze ).
Initially vanadate solutions of pH values between two and seven 
were obtained by mixing ammonium metavanadate and vanadic acid solutions 
of identical concentration, but it was found in later experiments that 
this could be done more easily by adjusting the pH of vanadic acid solu­
tions with ammonia solution (0.880 sp.gr.) and the quantities of this 
which were added were so small that no change in vanadium analysis was 
apparent.
When the pH of vanadic acid is raised there is a sudden change 
to a high pH value, followed by a gradual fall to a stable value. The 
time taken to reach equilibrium varies, if the final pH values reached 
lie between six and eight it may be several days. All solutions were 
allowed to come to equilibrium before use.
(il) APPARATUS
All glass apparatus was cleaned with dichromate-sulphuric acid 
mixture, washed with tap water to remove the bulk of the mixture, and 
then washed four times in distilled and de-ionised water. Flasks
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intended for use in batch experiments were dried in an oven at 110°C. 
Rubber bungs used to close such flasks were boiled in dilute sodium 
carbonate solution, then in dilute hydrochloric acid and finally washed 
several times in distilled water. Solutions containing vanadium were 
never allowed to come into contact with rubber bungs since they caused 
a slight reduction of the vanadium to the quadrivalent state.
(Ill) MALYTICAL METHODS
Vanadiums Vanadium was determined by reducing it to the quadri­
valent state and then oxidising it to the quinquevalent state with 
standard potassium permanganate.
At first the solutions were reduced with sulphur dioxide in the 
presence of sulphuric acid, the excess sulphur dioxide being boiled off 
after reduction had occurred. In later experiments sodium bisulphite 
was used as it proved to be a more convenient reducing agent. Solutions 
so prepared would then be titrated against standard potassium permanganate 
(0.05H) in the cold.
Small amounts of chloride, such as were desorbed from the resins, 
interfered with these titrations and the most effective method of removing 
them was by evaporating the solutions with sulphuric acid. This was 
done simultaneously with the removal of excess sulphur dioxide.
Chlorides Chloride was determined gravimetrically as silver
chloride.
pH Measurementss These were made with a commercial pH meter 
having a glass-saturated calomel electrode system.
Spectrophotometrie Measurementss These were carried out with 
a MUnicam” spectrophotometer with hydrogen and tungsten lamps.
(IV) BATCH ION EXCHANGE EXPERIMENTS
The preliminary studies of vanadate solutions were carried out 
with selected resins in contact with solutions of identical vanadium con­
centration hut of varying pH. Thus all results are plotted with respect 
to the final pH of the solutions in contact with a given resin.
For this purpose 0.5 gm. quantities of resin, in contact with 
75 Ml. aliquots of solution, were used. Batches of the resin to he 
used were first weighed into dry tuhes and stored until required. Before 
use two samples would he transferred to small columns and eluted with 
nitric acid (2H), the eluate heing analysed for the chloride present.
The capacity of the resin could he obtained reliably in this way.
The remaining samples of the resin were then each transferred 
to dry 150 ml. flasks, 75 nils, of vanadate solution added to each, and 
the flasks closed with rubber bungs.
Each flask would then contain vanadate solutions, identical in 
concentration with each other, but differing in pH value.
After a known period of time the flasks were opened for analysis 
and the resin filtered into a column (ca. 8 cm. in length, 1 cm. in 
diameter) closed with a sintered glass disc (porosity Ho.2), the filtrate
being collected in a dry flask and kept for analysis. The receiver v/as 
then changed and the resin washed quickly under suction.
The column was filled with water and the resin sample was given 
a further wash before the species present were eluted with nitric acid 
(2H) and the eluate analysed for chloride.
From the amount of chloride found on the resin finally and from 
the capacity of the resin, the percentage of active sites on which exchange 
had occurred could be calculated. An aliquot of 25 mis. of each filtrate 
was reduced and titrated for vanadium content. From this and from the 
original solution strength and amount of vanadium'sorbed by the resin 
could be calculated. A further portion of each solution was taken and 
its pH measured.
From these values graphs of the value of R, which is the ratio
of the mean number of vanadium atoms to ionic charge, (~), in the vanadatez
ions, (H^V^O^)2"”, sorbed by the resin, could be derived. In this case 
it is given by the value of gm. atoms of vanadium sorbed by one equivalent 
of resin divided by the number of equivalents of chloride released by one 
equivalent of the resin| both values being obtained by difference.
The principal series of experiments were concerned with studies 
of vanadate solutions of a given pH in contact with different resins 
and conditions in these were changed to give greater accuracy.
0.5 gm. quantities of resin were again used, unless otherwise 
stated, but the volume of solution in contact with the resin was increased
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to 100 mis. in order to obviate* as far as possible* large changes in 
concentration during exchange and to render the taking of aliquots more 
convenient since all analytical measurements were now carried out on 
portions of the solution,
25 and 50 ml. aliquots were taken for vanadium and chloride analysi 
respectively* the remainder of the solution serving for pH measurements.
In this way it was possible to avoid the need to transfer resin 
to a column* a process which cojJLd -lead to the introduction of errors* 
particularly with certain resins of high weight swelling which tended to 
adhere to the walls of flasks* rendering complete transfer almost impossible
The chloride released was now derived from one experimental measure 
ment instead of from a difference of two values, with a consequent increase 
in accuracy, and the analysis of solutions was both more rapid and more 
convenient.
The value of R* (= ~), in these experiments was given by s-
R « Gm. Atoms of Vanadium Sorbed by the Resin 
Equivalents of Chloride Desorbed.
Only the vanadium value^  being obtained by difference.
Certain column experiments w e r e also carried out but these will 
be described at the appropriate stage of the discussion.
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RESULTS AMD DISCUSSION
The initial experiments with vanadic acid, (pH 2, ca. 0.05 gm. 
atoms of vanadium per litre), were concerned with the effects of ageing 
on its solutions and were conducted with DeAcidite P.P. in the chloride 
form and of a normal degree of cross-linking, (weight swelling 0.70),
In order to avoid any appreciable ageing during the experiments,
it was necessary to limit the time of contact of one solution with the
resin. Consequently the extent of the exchange process was too limited
to permit any accurate measurement of the quantities involved. In the
light of later experiments it is evident that had resins of higher weight
swelling been used, greater success would have been achieved. For these
reasons no consistent change of R value with time could be detected, where
R is the ratio of the mean number of vanadium atoms to ionic charge,
(~), in the vanadate ions sorbed by the resin, (H V 0 )Z~. vz ? J 9 ' w x y'
Two effects of time were, however, noted in these and other 
experiments, namely g-
(I) Ageing occurs in solutions of vanadic acid of pH ca, 2 and 
appears to consist of the agglomeration of the largest ions into colloidal 
particles which may in turn form a flocculent red precipitate of vanadium 
pentoxide.
(II) Whilst when a vanadate solution is acidified changes occur 
rapidly and condensation appears to be virtually instantaneous, the 
changes which occur when alkali is added to vanadic acid are slow and
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may take several hours or even days to reach completion. On the 
addition of alkali to such a solution the pH rises immediately to a 
maximum value and then gradually falls to a stable lower value. This 
phenomenon will he discussed further later.
The next series of experiments, with the same resin of weight 
swelling 0,70, hut with solutions of varying pH, described in the ex­
perimental section as preliminary experiments, gave similar graphs for 
differing times of contact, (Figure IV). Whilst R increased with de­
creasing pH, giving an almost continuous curve, the corresponding values 
of vanadium sorption and chloride release, from which R is derived, in­
creased with rising pH to reach a maximum ca, pH 6.5? above which the chloride 
release remained constant, while the vanadium sorption decreased sharply.
These two curves are therefore in sharp contrast to the smooth 
variation of R value with pH, and this would appear not to be due to pro­
perties of the solution alone but rather, in part at least, to some property 
of the resin. Such an effect would occur if the resin pore size were in­
sufficient to allow the free passage of ions larger than those corresponding 
to a certain stage of condensation. If it is assumed that such an ionic 
sieve effect is operating, then the maximum on the vanadium sorption cupve 
would represent the sorption of the largest ion that can penetrate the 
resin structure with ease. Moreover, it would be at a maximum concentra­
tion at the pH value corresponding to this peak and possess the R value 
given by the R value curve at the appropriate pH. Larger ions, formed in
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maximum concentration at lower pH, would not be sorbed because of their 
size and low concentration* nor would any smaller ions be sorbed as they 
vrould have a lower affinity for the resin and be present in low con­
centration.
If these arguments are correct for the results shown in Figure IV, 
from which the peak in vanadium sorption can be seen to occur at pH.6.5 
corresponding to a mean R value of 1.33, this would indicate the presence 
in solutions of this pH of a tetravanadate ion with a triple charge,
(R = 1.33, x s* 4? 2 » 3), at pH 6.5* The fact that the vanadium sorption 
curve shows a sharp peak would also indicate that this ion is stable only 
over a narrow pH range. Two other significant facts shown in Figure IV 
are that the R value decreases to one at neutrality and rises to about 
three at low pH.
This interpretation could only, be confirmed by extending its use 
to resins of other weight swelling values and comparing the results so 
obtained. With this in view, resin of weight swelling 1,04 was next used.
With this resin no peak in vanadium sorption was found, but 
instead a steady rise with fall in pH, indicating that all ions in the 
system had reasonable access to the resin interior. From Figure V the 
rise in vanadium sorption can be seen to be regular, save in the region 
pH 6-7, and this curve shows that the larger ions compete favourably in 
the exchange process with any smaller ions present with them. The R value 
rises from one, on the alkaline side of neutrality, to above three at the 
lowest pH. It is noticeable that in Figure V and the previous graph the
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The next experiments were designed to attack the problem in a more 
exact fashion by treating solutions of a given pH value with resins having 
various weight swelling values and plotting the E values obtained against 
these (cfo experimental section page 33),
In the sorption of ions comparable in size to the pore size of the 
resin slow rates of exchange were encountered. Table II shows the results 
obtained with resin of weight swelling 1,04 and vanadic acid and it is evident 
from these that a steady state is reached after about fifty hours and before 
one hundred hours.
The mean values of R at the steady state are those plotted in all 
graphs. In later work it was found possible to use times of contact of over 
one hundred hours and to assume that equilibrium has been reached.
TABLE II
The rate of exchange of vanadic acid? of pH 2, with resin 
of weight swelling value 1.04.
Hr s. M.Equivs, Cl*" M, Atoms V, R Value
Desorbed Sorbed
5 0.754 1.926 2.56
10 0.781 2.022 2.59
25 0,892 2.384 2.67
90 O.995 2.795 2.895
60. 1.020 2.978 2.97
80 1.013 2.949 2.91
90 1.038 3.048 2.94
100 1.017 2.986 2.94
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From experiments with vanadic acid of pH 2 a graph of R value 
against weight swelling;, in which a maximum in the R value occurred at a 
weight swelling of about 1,4? was obtained (Figure VIII). The maximum 
value of R found was about 3,3.
The fall in R value with that in weight swelling? shown in Figure 
VIII? was almost certainly due to ionic exclusion but the falling off in 
R value with increase in weight swelling was less easy to account for.
The fact that the ion being sorbed had a large R value and a high affinity 
for the resin led to the removal of large quantities of vanadium from the 
solution? in some cases as much as 75$? and the consequent dilution could 
have caused an increase in its degree of ionisation? and hence the decrease 
in R? or a partial reversal of condensation might have occurred in the 
solution as a result of the change in vanadium concentration.
It was found that if the decrease in vanadium concentration v\ras 
kept below 50$ by the use of 0.25 quantities of the resin? this de­
crease in R value with resins of high water regain was much less marked? 
(Figure VIII? full curve)? showing the prime cause of this effect was in 
fact the change in concentration. At the same time? when resins of 
very high weight swelling values (up to 17)? were used? no values of R 
greater than R s 3°33 were obtained? and this was thus confirmed as the 
maximum (Table III).
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TABLE III
Weight Swellings s- ; id. n i l
R. Value R. Value
3.21 3.13
3.44 3.23
3.34 3.22
3.23 3.26
3.49 3.14
Mean R Values s~ 3.34 3.20
In column experiments, with resin of weight swelling 1,82, 1000 
mis, of vanadic acid, (0.05 gm„ atoms/litre), were passed through four 
columns containing one gram samples of resin during a twenty-four hour 
period. The same solution was diluted tenfold, (vanadium concentration 
0,005 gra* atoms/litre), and 7*5 litre portions of the solution were 
passed through identical specimens of the resin during the same period.
It had heen established in previous experiments that these volumes of 
solutions would be adequate to ensure complete exchange of the chloride 
initially present on the resin with vanadate ions from the solution. A 
mean R value of 3.32 was found for the more concentrated vanadic acid and 
2,8 for the very dilute acid (0.005 gm. atoms/litre), cf. Table IV.
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TABLE IV
Resin useds weight swelling 1,82 
0.5 Gm. Atoms V/Litre. 0.005. Gm. Atoms v/Litre
R Value R Value
3.27 2.80
3,41 2.84
3,31 2.81
3o 30 2.83
lean R*- 3.32 2.82
Thus the maximum R value of the most highly condensed ions 
was 3«33 which would correspond to a decavanadate ion with a triple charge 
(x * 10j z = 3). The decrease in R value with dilution or increase in 
weight swelling might best be explained by the sorption of the same ion but 
with four charges (x = 10* z « 4)? since the value R = 2.5 was approached 
but not passed.
The next experiments were concerned with solutions at pH 4 a d ­
here the sorption of the ion having an R value of two appeared to occur at 
low weight swelling values^ i.e. below 0,75? but increasing amounts of the 
larger ions were sorbed as the resin structure became more open (Figure IX)< 
With solutions at pH 5 (Figure X)? the constant value of R = 2 
over a range of weight swelling showed the presence of the ion of this R 
value in maximum concentration together with small amounts of the larger
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ions, which could exchange when the resin structures became more open, and 
smaller ions, which were sorbed when the resins of lower weight swelling 
tended to exclude the ion of an R value of two,
A similar surve was obtained at pH 6.5 but here the flat portion of 
the curve corresponded to E = 1.33, as ?/as expected from the earlier experi­
ments, while,as before, the R value dropped with extremely low weight 
swelling value and rose with extremely open resins indicating that small 
amounts of the ions of R = 1 and R = 2 were also present (Figure XI),
The size of this ion suggests that it is the decavanadate with a charge of 
-5? i‘k is larger than the hexavanadate.
Solutions of pH 6 gave results which^ when plotted, show that the 
R value rose from 1.33, at low weight swelling values, to about 2 at high 
weight swelling values. This indicates that at this pH an ion of R = 2
was being replaced by the ion of R = 1.33 (Figure XII).
Thus a decavanadate, having a charge of three or four, is evidently 
present in solutions of pH 2 and this is gradually replaced to some extent 
from about pH 4? By an ion having an R value of two. This ion is in turn 
replaced, from pH 6 to pH 6.5, by a tetravanadate having a charge of three 
(R= 1.33)« But the presence of an ion of the size of the decavanadate is 
also evident up to pH 6.5, but probably only in a small amount.
The smaller ion of R value two must contain an even number of 
vanadium atoms and be.intermediate in size between the decavanadate and the 
hexavanadate. It must therefore be either an octavanadate (x = 8, z = 4),
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or an hexavanadate (x = 6, z = 3). A consideration of the weight 
swelling values which will permit the entry of the ions having R = 3.33?
R ts 2 and R » 1,33 show that it is probably far closer in size to that 
having R * 1,33 (Table V), Furthermore, the reports of octavanadate 
ions are few and do not seem to be reliable, whereas those of hexavanadate 
ions are supported by a large quantity of experimental evidence,, Such a 
large body of evidence would be expected to have been accumulated only if 
this ion were very stable over a significant range of pH,
TABLE V
Approximate minimum weight swelling values of resins permitting 
the entry of the various vanadate ions.
Estimated Ho.
R Value of Vanadium Atoms Weight Sw<
3.33 10 1.40
2oO 6 0,75
1*33 4 0,65
1.0 3 0.60
This ion, of R = 2, is therefore probably an hexavanadate with a 
triple charge.
At pH 7 the presence of an ion having an R value of one and in 
maximum concentration is shown by the results given in Figure XII, This
-45-
is the pH at which metavanadate ions have been reported. The graph shows
R values very close to one for all weight swellings although there is a
tendency for the R value to rise at high weight swelling values and to
fall at low weight swelling values. The next question to be considered
is the degree of condensation of this ion. According to previous workers,
it is likely to be a threefold condensed vanadate, but it is possible that
it might contain fewer vanadium atoms. Reference to Table V shows that,
from the value of the weight swelling of the resins that will just permit
its free entry, it appears to be fairly close in size to the tetravanadate.
Furthermore, the results plotted in Figure XII show that there is a tendency
for the R value to decrease below one with resins of extremely low weight
swelling and this observation was confirmed by experiments with more
alkaline solutions, see Table VI, These results show that the ion of
R = 1 cannot be the smallest ion in solution! it must therefore be larger
than the pyrovanadate and orthovanadate ions. This implies that it is
the condensed metavanadate ion with three vanadium atoms. Thus if
R = 1, x = 3 and z = 3 »
' 0
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TABLE VI
R values from experiments with vanadate solutions at pH 10 
Weight swelling g- 0.70 0.6*3 0.60 0-49
R R R R
O.766 0.800 0.766 0.683
0,769 0.834 0.783 O.692
O.769 O.848 0.779 0,695
0,778 0.837 0.772 O.689
0.774 0.836 0.806 0.676
0.771 0.831 O.78I O.687Mean R Values s-
Having reached these conclusions, it did not seem unreasonable
■5
to expect a pyrovanadate ion with a charge of three (HVgO^) , to exist 
in alkaline solution* Prom the results in Table VI it is apparent that, 
where exchange is restricted, that is with resin of weight swelling 0,49? 
an R value of 0,667 is approached. The other resins used, although of 
low weight swelling, could not be expected to restrict the exchange of any 
ions present in these solutions (Table V), and they indicate that, for 
unrestricted sorption of the ions present at this pH the R value is about 
0.8. Thus, from these results, it would appear probable that at pH 10 
these solutions contain a mixture of the metavanadate and pyrovanadate 
ions, both of these possessing a charge of three.
Unfortunately an exhaustive study of this region was not possible
-47-
as resins of exceptionally low weight swelling were not available*
To ascertain the effects of changes in vanadium concentration, 
which occur during the ion exchange process, on the nature of ions in 
solution, batch experiments were carried out with solutions at pH 7* 
Varying weights of resin were used in these experiments to avoid any large 
relative changes in concentration (Table VII). The results shown in this 
table show that, in this pH region, the degree of condensation is not 
sharply dependant on concentration.
TABLE VII
The variations of R value with concentration at pH 7
Gm. Atoms Vanadium/Litres- 0.14 0.7 0.35
Weight of Resin s- 0.5 gm. 0.3 gm. 0.25 gm.
Weight Swelling R R R
1.04 1.12 1.01 O.96
0.91 1.14 1.02 0.99
0.74 1.15 1.13 1.03
Mean R Values 3- 1.14 1.05 0.99
Table IV shows the effect of dilution on the values of R obtained 
with vanadic acid of pH 2. The fall in R value, which had been noted 
and allowed for in experiments at this pH, is probably due to an increase 
in the degree of ionisation of the decavanadate ion giving it a charge of
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four instead of one of three, this would correspond with the findings 
of Rossotti and Rossotti^.
Various pH titrations were used in attempts to supplement the 
evidence of the nature of this system.
In the first place a solution of lithium vanadate was titrated
57with hydrochloric acid. Guiter had found that clearer results were 
forthcoming in titrations involving lithium vanadates. This gave a 
graph with two inflections (Figure XIIl), at pH 10 to pH 11, where 
is between 1.5 and 1.6, and from pH 3 to pH 7 where is
between 0.5 and 0.65. These results are not very clear cut and are of
doubtful use.
The next titrations, which were similar in concept to those 
carried out by Ducret^, proved more successful. In these experiments 
vanadic acid was titrated with ammonium hydroxide solution and the 
immediate change in pH notedf the solutions were then allowed to come 
to equilibrium and their pH was again measured (Figure XIV), The 
initial curve is shown by the solid line and the curve at equilibrium 
by the dotted portion of the line. The initial curve has an inflection 
at ^  = 2si, (=R), w h i l e in the final curve this is partially broken
4 . y
down and a new inflection at ^  = lsl, (=R) is formed. Their positions
4
correspond to the regions of stability of the hexavanadate and trimeta­
vanadate ions respectively. This indicates that the time effects in the 
pH changes that occur when alkalis are added to vanadic acid solutions
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are due to a marked stability of the hexavanadate or decavanadate ions0 
Thus, on the addition of alkali, it appears that the decavanadate is 
decondensed to give the hexavanadate ion which is neutralised, However, 
the rate of decondensation of this ion in alkaline solution is slow.
Thus the pH rises to a maximum value and, as the hexavanadate ion is 
decondensed, drifts slowly hack to a stable lower value.
The rapid condensation changes taking place in the region between 
pH 7 and pH 5 also coincide with a shift in the absorption spectra of these 
solutions and these changes were measured in solutions of 0,025 S111- atoms 
of vanadium per litre, using quartz cells of a thickness of one centimetre, 
cf. Table VTII, Figure XV and Figure XVI, The adsorption edge shifts 
from about 3,880 A0, at 5§1° transmission density, on the alkaline side 
of neutrality to about 5,200 A0 on the acid side of neutrality at pH 6,
This can be followed by eye as the appearance of a yellow colour in solution 
and is possibly due to the formation of the hexavanadate ion or of the 
decavanadate ion.
Bearing all these facts in mind it is apparent that the most 
highly condensed ion in this system is a decavanadate which exists in 
maximum concentration from pH 2 to about pH 3-5* This gives place to a 
hexavanadate, from pH 3°5 to pH 4°5? which is in maximum concentration 
between pH 4°5 a^d pH 6, Between pH 6 and pH 7, (and in mhximum concen­
tration at pH 6,5)? the tetravanadate ion is present and this is replaced,
"by pH 7, t>y the trimetavanadate ion. Some decavanadate still appears to
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be present at pH 6.59 "but presumably the amount present decreases with 
rise of pH. This last ion gradually decondenses on the alkaline side 
of neutrality to give what is apparently the pyrovanadate ion, a di vanadate. 
In solutions ca. Q.05 gm. atoms per litre in vanadium, all these ions 
appear to have a charge of minus three, while the decavanadate also appears 
to assume a quadruple charge very easily.
From pH 7 to pH 6 a structural change occurs which causes the 
change in the absorption spectrum of these solutions. This change is 
probably associated with the formation of the hexavanadate ion.
Furthermore, it would appear that the phenomena of delayed. pH 
changes in these solutions may be due to the stability of the hexavanadate 
ion and its resistance to decondensation in alkaline solution.
TABLE VIII
Wavelengths at v/hich the transmission density is 50$fo in
solutions at various pH values.
pH Value
8.8
8.5 
8.0
7.5 
6.7
6.6 
6.45 
6.4 
5.2 
3,9
3,860
3,880
3.870
3.870
4,680 
4,990 
5,090 
5,180 
5,210 
5,180
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SUMMARY
An indication of the vanadate ions formed at different pH values
is shown below in tabular form. At low pH values, from pH 2 to pH 3,5?
the decavanadate ion exists. This is confirmed by the work of Rossotti
and Rossotti^ and would also account for the findings of several other
workers From pH 4»5 to pH 6 the hexavanadate ion, with a triple
charge5 is the predominant ionic species in solution. This ion has been
reported by many investigators and the degree of ionisation is confirmed
59by work carried out by Souchay and Teyssedre , The range of pH values
over which this ion is stable would account for the many reports of its
existence. Between pH 6 and pH 7 a tetravanadate ion, again having a
charge of three, is formed in solution. There are few previous reports of 
56this , probably because of its exceedingly narrow range of stability. In
solutions at neutrality the metavanadate ion is present almost exclusively
and appears, from this study, to be a trivanadate. This finding corres-
58ponds to that of several previous workers, notably that of Souchajr in 
his studies of the solubility^ of barium vanadates. Finally, on the 
alkaline side of neutrality, at pH values of ten and above, the pyrovanadate 
appears to be present. This transition from the metavanadate to a pyro­
vanadate is a process well investigated by previous workers. From this 
investigation it would also appear that the phenomena occurring when 
alkaline solutions are added to solutions of vanadic acid are due tc the 
stability of the hexavanadate ion and its resistance to decondensation in 
slightly alkaline solutions.
Ion with, possible Formula pH of Maximum Concentration
0
Decavanadate (^3^ 10^28^
(H2V10°28>4~ pH 2 t0 pH 3°5*
Hexavanadate (H V^0^^)3"“ pH 4° 5 to pH 6
Tetravanadate pH 6.5
Trimetavanadate (V^0^) ~ pH 7 and above
Pyrovanadate (HV^O^) above pH 10
* but persisting up to pH 6.5 dn detectable concentration
If a series of possible structures is to be postulated for these
ions9 it must account for their formation9 explain the phenomena resulting
from the addition of alkali to their solutions and also the change in
their absorption spectra at about neutrality.
Such a hypothesis must be structurally feasible and have9 if
possible,, structural evidence to back it.
The complex ions of the vanadate series coagulate9 in solutions of
pH values about 2, to form a flocculent precipitate of vanadium pentoxide.
It would therefore be reasonable to suppose that the structure of these
62
ions is closely related to that of vanadium pentoxide, Bystromfs work 
indicates that this is a distorted six co-ordinate structure9 having one 
very long bond, which might be said to approximate to a trigonal bipyramid 
structure. This evidence is supported by the fact that various complex
(53
solid vanadates have been found to have a trigonal bipyramid structure 9 
Structures of simple solid vanadates have also been investigated
-53-
6s
and they have a tendency to form condensed tetrahedral systems
It is reasonable to suppose therefore that the change in spectra 
of these solutions is due to a change from tetrahedral co-ordination on 
the alkaline side of neutrality to a trigonal bipyramid structure, or one 
closely related to it, on the acid side of neutrality.
Figure XVlIa shows the pentoxide structure proposed by Bystrom et 
al.§ the exceptionally long V-0 bond connects the sheets of vanadium- 
oxygen polyhedra. Figure XVIlb is a stylised diagram of a double ring 
system of these polyhedra containing ten vanadium atoms. This is the 
structure proposed for the decavanadate ion. If this is so then the first 
step in decondensation could clearly be the breakdown of one ring to leave 
a stable six-membered ring structure which would be the nexavanadate ion 
(Figure XVIIc).
This ion, with an annular structure, would still be relatively 
resistant to attack and its formation at this stage would account for the 
phenomena occurring when the pH of vanadate solutions is raised still 
further.
.The postulation of these structures offers therefore some explana­
tion for the existence of decavanadate and hexavanadate ions which are 
stable and the lack of evidence for the formation of stable ions of inter­
mediate size.
When, at pH 6 to pH 6.5? ‘the hexavanadate ion is broken down* ions 
consisting of chains of linked polyhedra would be formed. The longer the
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chain of polyhedra in any ion the less would, he its stability* Thus, 
there is no trace of a stable pentavanad.a,te and the tetravanadate is 
stable only over a very narrov/ range of pH* whereas the trimetavanadate 
exists in solution from neutrality to fairly alkaline conditions, changing 
gradually to the' pyrovanadate in the pH region 10-11.
The chains of polyhedra formed at this stage probably consist 
of linked tetrahedra (Figure XVIId), and, as mentioned above, such a 
structural transition would account for the change in optical properties 
in this region* This hypothesis explains the phenomena occurring in 
these solutions but it must be borne in mind that, due to the lack of 
evidence on the structures of these ions in solution, it can only be 
put forward as a suggestion*
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P A R T II
TABULAR RESULTS
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■ Table 1.
Vanadate solution of varying pH.values in 
contact with resin of weight swelling value 0,70.
Figure IV., 75 ml. quantities of solution in contact with 
0.5 gm. quantities of resin for 100 hours. Capacity of 
resin samples 1.330 milliequivalents.
)H Value Sorbed Desorbed R Va:
M. Atoms V M. Equivs. Cl~
per M. Equiv. per M. Equiv.
of resin of resin
2.14 1.040 0.376 2.76
2.7 1.026 0.507 2.01
3.46 1.056 0.553 1.91
4.05 1. 064 0.520 2.05
4.8 1.130 0.640 1.77
5.5 1.162 0.778 1.49
5.85 1.198 0.853 1.41
6.23 1.276 0.973 1.31
7.7 1.026 0. 981 1.05
8.6 0. 991 0.992 0.99
Vanadium concentration in original solution
0.054 gm. atoms per litre.
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Table la.
Results of experiment identical to that
shown in Table 1 but with 50 hours time of contact.
Concentration of vanadium 0.044 gm. atoms per litre.
pH Value Sorbed Desorbed R Value
M, Atoms V M. Equivs Cl” 
per M. Equiv, per M. Equiv. 
of resin. of resin.
2.1 0.845 0.345 2.45
2.64 0,875 0.385 2.27
3.26 0.887 0.425 2.08
4.05 0.927 0.457 2.03
5.1 0.998 0.552 1.80
5.62 1.036 0.646 1.614
6.0 1.164 0.810 1.387
6.22 1.130 0.836 1.396
6.55 1.020 0.952 1.045
9.49 0,985 0.917 1.074
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Table 2.
Vanadate solutions of varying pH values in 
contact with resin of weight swelling value 1.04,
Figure V, 75 ml. quantities of solution in contact with 
0,5 gm. quantities of resin for 100 hours. Capacity of 
resin samples 0.8162 milliequivalents.
)H' Value Sorbed Desorbed R Vali
M. Atoms V M. Bquivs Cl“
per M. Equiv, Per M. Equiv.
of resin. of resin.
2.2 2.705 0.820 3.3
3.65 2.550 0.910 2.8
4.? 2.425 0.908 2.67
5. 9 2.210 0.943 2.35
5.98 2.070 0,970 2.13
6.0 2.010 0. 987 2.04
6.15 1.960 0.957 2.05
6.6 1.780 0. 984 1.81
8.8 1.210 0.987 1.225
9.15 1.205 0.972 1.230
Vanadium concentration in original solutions
0.045 gm. atoms per litre.
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Table 2a.
Results of experiment, identical with that shown
in Table.2 with 80 hours time of contact. .
Concentration of vanadium 0.047 gm. atoms per litre.
pH Value Sorbed Desorbed R Value
M. Atoms V M. Equivs Cl~ 
per M. Equiv. per M. Equiv, 
of resin. of resin.
3.0 2.454 0.790 S.10
4.1 2.836 0.820 2.72
4.8 2.262 0.922 2.45
5.75 1.957 0.950 2.06
6.0 1.731 0.952 1.82
6.2 1.895 0.974 1.95
6.3 1.693 0.94? 1.78
6.5 ' 1.693 0.980 1.73
6.83 1.553 0.938 1.65
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Table 5. . .
  Vanadate solutions of varying pH values in
contact with resin of weight swelling value 0.74..
Figure VI.. . 75 ml. quantities of solution in contact with 
0.5 gm. ..quantities of resin for 100 hours. Capacity of 
resin samples 1.162 milliequivalents.
>H Value Sorted Desorbed R Vali
M.' Atoms V M. Equivs Cl”
per M. Equiv. per M. Equiv.
of resin. of resin.
2.12 1.347 0.472 2.86
2.9 1.432 0.570 2,51
3.45 1.420 0.609 2.33
4.7 1.614 0.765 2.11
5.6 1.698 0.890 1.905
5.63 1.711 0.928 1.845
6,2., 1.650 0.994 1.66
6.52 1.529 0. 989 1.55
6.92 1.225 0.981 1.25
9.2 0.9463 0.974 0.97
Vanadium concentration of original solutions
0.055 gm. atoms per litre.
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Table 3a.
Results of. experiment identical with that
shown in.^able 3 but.with 50 hours time of. contact.
Concentration of vanadium 0.049 gm. atoms per litre.
)H Value Sorbed Desorbed R Val
M, Atoms V M. Equivs Cl~
per M. Equiv. per M. Equiv.
of resin of resin
2.04 1.389 0.4410 3.15
2.63 1.488 0.4878 3.05
3.2 1.556 0.5399 2.88
5.58 1.852 0. 7720 2.40
5.7 1.840 0.9031 2.04
6.18 1,871 0.9719 1. 93
6.25 1.748 0, 9479 2.06
6.0 1.877 0.9882 1.90
6.44 1.606 0,9706 1.65
6.6 1.494 0.9472 1.58
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• Table.4.
Vanadate solutions of varying pH values in contact 
with resin of weight swelling value 0.60.. Figure VI.
75 ml., quantities of solution- in contact.with 0.5 gm.
quantities of resin for 100 hours. Capacity of resin 
samples 1.4113 milliequivalents.
)H Values Sorbed Desorbed R Va:
M. At oms V M. Equivs Cl"”
per M. Equiv. per M. Equiv.
of resin. of resin.
4.8 0.781 0.440 1.77
5.45 0.859 0.500 1.71
5.9 0.978 0.701 1.40
6.62 1.057 0.963 1.10
6.8 1.076 0. 942 1.14
8.57 1. 046 0.976 1.07
8.7 1.042 0.972 1.07
9.15 1.037 0.980 1.06
9.36 1.037 0.981 1. 06
' Vanadium concentration in original solutions
0.055 gm. atoms per litre.
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Table 4a.
Results of experiment identical to that
shown in. .ta'hLe .4 hut .with time of contact of 25 hours,
Concentration of vanadium 0,043 gm, atoms per litre.
pH Value
7.15
7.48
8.02
8.76
9.02
9.2 
9.64 
9. 93
Sorbed 
M. Atoms V 
per M. Equiv. 
of resin. 
0.6^76 
0. 7547 
0.8214 
0.8148 
0.8214 
0.8020 
0.8052 
0.7929
Desorbed 
M.' Equivs Cl~ 
per M. Equiv. 
of resin. 
0.6449 
0.6775 
0.8050 
0.8287 
0.8726 
0.8570 
0.8918 
0.9253
R Value
1.08 
1.11 
1. 02 
0.983 
0.941 
0.936 
0.903 
0.857
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........ Table.5. ...
: The variation of exchange with time. Some 
results supplementary to those in Table II.
Vanadic acid solution pH 2-1.. Concentration 0,046 gm. 
atoms per litre. Weight swelling value of resin 2.12.
Time
Hours
5
20
40
45
50
55
65
70
75
90
95
Sorbed 
I, Atoms V 
1.421 
2.096
2.479
2.479 
2.641 
2.746 
2,718 
2.947 
3.110 
3.331 
3.292
Desorbed 
Equivs Cl' 
0.4759 
0.6978 
0.8400 
0.8138 
0.8596 
0.8905 
0.8835 
0.9362 
0.9962 
1.0425 
1.0605
R Value
2.987
3.006 
2.952 
3. 045 
3.073 
3. 084
3.076
3.159 
3.122 
3.194 
3.104
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Table 6.
R values obtained for resins of. differing
weight swelling values in contact with vanadic acid
solutions at about pH 2. Eigure VIII.
Resin.of weight swelling 3. 00.
Vanadium concentration. 0.046 gm. atoms per.litre.
Sorbed Desorbed R Value
M. At oms V M.' Equivs Cl~
4. 086 1.6325 2.50
4. 014 1.6018 2.51
4.204 1.6883 2.49
4. 222 1.7009 2.48
4.249 1.7022 2.50
4.249 1.6981 2.51
4.240 1. 7218 2,46
4.231 1.6743 2.53
Resin of weight swelling 2.33.
Vanadium concentration 0.057 gm. atoms per.litre.
Sorbed Desorbed R Value
M. Atoms V M. Equivs Cl*"
5.015 1.7706 2.832
5.037 1.7678 2.849
5.051 1.7720 2.850
5, :. 57 1.7720 2.871
5.137 1.7915 2.867
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Table 6 contd. . .
........... Resin of weight swelling value 2.35.
Vanadium concentration 0..059 gm. atoms per.litre.
Sorbed Desorbed R Value
M. Atoms V M. Equivs Cl”
5,0827 1.7496 2.905
5,117 1.7399 2.921
5.154 1.7539 2.917
5.159 1.7804 2.894
5,164 . . 1.8139 2.844 .
Vanadium concentration 0.071 gm. atoms per.litre.
Sorbed Desorbed R Value
M. At oms V M.' Equivs Cl~
5.5118 1.7999 3.062
5.9123 1.9143 3.088
5.4546........  1. 7720........ 3. 077
........... Resin of weight swelling value. 2.12.
Vanadium concentration 0.04 gm. atoms per.litre.
Sorbed Desorbed R Value
M. Atoms V M. Equivs Cl”
2.774 0.8850 3.135
2.755 0,8800 3.131
2.831 0.903 0 3.136
2,994 0. 9456 3.167
3.071 0,9722 3.158
3.166 1.008 3.143
3.278 1. 043 3.144
Resin of wei
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Table 6 contd. 
ght swelling value 2.12.
Vanadium concentration 0.047 gm* atoms per.litre
Sorbed Desorbed R Value
IT,'. At oms V M. Equivs Cl"
3.264 1*015 3.131
3.312 1. 047 3.164
3.350 1. 044 3.209
3.378 1.084 3.116
3,416 1. 062 3.203
3.398 1. 051 3.234
Vanadium concentration 0.049 gm.' atoms per'litre
Sorbed Desorbed R Value
M. At oms V M. Equivs Cl"
3". 331 1, 042 3,194
3,292 1.049 3.139
3.416 1.061 3.220
3.205 1. 015 3.159
3.243 1. 033 3.140
3.295 1.045 3.148
3,339 1.047 3.190
3,358 1.052 3.192
3.354 1.060 3.162
3.393 1. 074 3.158
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Table 6 contd.
Resin.of weight swelling value 1.9.
Vanadium concentration 0.051 gm. atoms per.litre
Sorbed Desorbed R Value
M. At oms V M. Equivs Cl"
3.085 0. 9879 3.12
3.127 0.9795 3.08
3.157 1. 004 3.14
3.188 1.013 3.15
3.160 1. 003 3.15
3.195 1.019 3.14
Vanadium concentration 0.052 gm. atoms per. litre,
Sorbed Desorbed R Value
M. At oms V M.. Equivs Cl"
4.880 1.564 3.12
4.835 1.542' 3.14
4.862 1.563 3.11
4.844 1.553 3.12
4.826 1.535 3.14
4.898 1.559 3.14
Resin.of weight swelling value 1.82.
Vanadium concentration 0.052 gm. atoms per.litre
Sorbed. Desorbed R Value
M. At oms V M. Equivs Cl"
,
2.399 0. 7743 3.098
2.496 0.8065 3.095
2.508 0.7967 3.148
2.526 0.8121 3.11
-69-
Table 6 contd.
Yanadium concentration 0.057 gm. atoms per litre
Sorbed Desorbed R Yalue
M. 'Atoms Y M. Equivs Cl“
3.506 1. 0968 3.20
3.556 1.1622 3. 06
3.652 1.1592 3.15
4.152 1.1860 3.50
3,700 1.1610 3.19
3. 750 1.1498 3.26
Resin'of weight swelling value 1.04.
Yanadium concentration 0.054 gm. atoms per.litre
Sorbed Desorbed R Yalue
M, Atoms Y M. Equivs Cl”
2.978 1.020 2, 92
3.040 1.037 2.93
2.949 1.013 2.91
3. 040 1.034 2.94
3.048 1. 038 2.94
2.986 1.017 2.94
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... Table 6 oontd^.. .
• ■ ■ Resin of weight swelling value 0.91,
Yanadium concentration 0. 051. gm. atoms per . litre.
Sorbed Desorbed R Yalue
M." At oms V M,' Equivs 01“
2,039 , 0,7283
oCO•02
1.966 0.7576 2.60
2.093 0.7576 2.76
2. 057 0. 7507 2.74
2.075 0.7716 2,69
2.147 0.7786 2.76
2.165 0.7981 2.71
. Resin of weight swelling.value 0.75.
l concentration 0.051 gm. atoms per.litre
Sorbed Desorbed R Yalue
M. Atoms Y M. Equivs 01“
1.5514 0.6950 2.23
1.6416 0.7158 2.29
1,804 0.7172 2.51
1.5514 0,6698 2,32
1, 7679 0.7179 2.46
1.6777 0.7060 2.32
1.6416 0.6864 2.39
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Table’ 7. . |
Results as in Table 6 but with half the quantity j
of resin, (0.25 gms.). -Eigure VIII. Vanadium concentrationj
0,053 gm. atoms per litre. j
Resin of weight swelling value 3 . 00.
Sorbed Desorbed R Value
M. Atoms V M. Equivs Cl"
2.919 0.9292 3.141
2.876 0.8958 3.210
2.855' 0.8986 3.177
2.908 0.9069 3.206
Resin of weight swelling value'2.33.
Sorbed Desorbed R Value
M.1 Atoms V M. Equivs Cl"
2.694 0.8204 3.283
2.491 0.8148 3.057
2.513 0.8316 3.022
2.502 0.8232 3.039
Resin of weight' swelling value 2.12.
Sorbed Desorbed R Value
M. Atoms V M. Equivs Cl"’
2,149 0.7158 3. 002
2.213 0.7367 3.062
2.192 0.7227 3,033
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Table 7 contd.
Resin of weight swelling value 1.82.
Sorbed 
1. At oms V 
1.3044 
1.3686 
1.3365
Desorbed 
ff. Equivs Cl' 
0.4214 
0.4409 
0.4311
R Value
3.095
3.104
3.100
Table 8.
R values obtained from experiments with resins 
of.very high weight, swelling in contact with vanadic acid.
Table III. Experimental.conditions as. in experiments in 
Table 6 except for the fact that, very small quantities of 
the resins were used to avoid a fall in R value.
Vanadium concentration 0.06 gm. atoms per litre.
Resin of weight swelling value 7.4.
Sorbed 
1.. Atoms V
1.434 
1.527 
1.474
1.434 
1. 036 
1.952
Desorbed 
L Equivs Cl" 
0.4465 
0.4437 
0.4409 
0.46 04 
0.3209
0.5595
R Value
3.21
3.44
3.34
3.11
3.23
3.49
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• Table 8 contd.
Resin of weight swelling value 17.5.
Sorbed Desorbed R Value
M. Atoms V M. Equivs Cl""
2.471 0.7898 3.13
4.450 1.3 785 3.29
2.285 0. 7088 3.22
2.510 0.8051 3.12
2.417 0.7423 3.26
1.262 0.4018 3.14 "
Table 9. . . . v
The results of column experiments with vanadic acid 
at the strength normally used in this work, 0*05 gm. atoms 
per litre, and in far greater dilution, 0.005 gm. atoms per 
litre. Resin of weight swelling value 1.82.
• Solution of concentration 0.05 gm. atoms/litre.
Sorbed Desorbed R Value
M. Equivs Cl""
1.2601
Atoms V 
4.1175 
4.3005 
7.2743 
7.3200
1.2617
2.2123
2.2123
3.267
3.412
3.288
3.308
.. -74- 
Tab le 9.contd.
Solution of concentration 0.005 gm. atoms
per litre.'
Sorbed Desorbed R Value
M. Atoms V M. Equivs Cl”
6.222, 2.2123 2.81
6.314 2.2123 2.85
5.218 1.8635 2,80
5.218 1.8491 2.84
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. Table 10.................
R values obtained with,resins, of ..differing 
weight swelling values in.contact with vanadate solutions 
at pK 4. Rigure IX. Vanadium concentration 0.06 gm. atoms 
per litre.
Resin of weight swelling value 1.3.
Sorbed Desorbed R Value
M. At oms V M. Equivs Cl"■*
4.092 1.620 2.53
4.129 1.630 2.53
4.189 1.646 2.54
Resin of weight swelling value 1.18.
Sorbed Desorbed R Value
M. At oms V M. Equivs Cl"
2.388 0.9139 2.61
2.351 0.9251 2.54
2.339 0.9348 2.50
2.473 0.9348 2.65
'N
Resin of weight swelling value 1.04.
Sorbed Desorbed R Value
M. At oms V M. Equivs Cl’
2.533 0.9948 2. 55
2.460 0. 9878 2.49
2.582 0.9669 2.67
2.460 0.9836 2.50
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Table 10 contd.
Resin of weight swelling value 0.91.
Sorbed Desoibed R Value
M. At oms V M. Equivs Cl"
2,314 1.0548 2.19
2.285 1.0520 2.15
2,235 1.0576 2.14
2.095 1.0730 1.95
Resin of weight swelling value 0.74.
Sorbed Desorbed R Value
M. Atoms V M, "Equivs Cl”
2,265 1,0785 2.10
2.339 1.0925 2.14
2,485 1.0939 2.27
2.509 1.1036 2.27
Resin of weight swelling value 0.70.
Sorbed Desorbed R Value
M. Atoms V M. Equivs Cl”
2.217 1,0297 2.16
2,022 1.0227 1.98
2.229 1.0548 2.11
2.265 1.070 2.12
' Resin of weight swelling value 0.60.
Sorbed Desorbed R Value
M. Atoms V M. Equivs Cl"
1.7539 0.8232 2.13
1,8026 0.8483 2.12
1.8270 0.8413 2.17
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Table 10 contd.
Vanadium .consent rat ion 0. 053 gm,. atoms per litre.
Sorbed Desorbed R Value
M. At oms V M. Equivs Cl"
2,342 1,060 2.21
2,342 1,067 2.19
2.324 1.059 2,19
2.361 1.065 2.22
Resin of weight swelXing value 0.74.
Sorbed Desorbed R Value
M. At oms V M. Equivs Cl"
2.379 1.112 2.14
2.397 1.108 2.16
2.361 1.099 2.15
2.379 1.104 2.15
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Table 11.
R values obtained for resins of differing 
weight swelling values in .contact with vanadate solutions 
at pH 5. Figure X. Vanadium concentration 0.057 gm. 
atoms per litre.
Resin of weight swelling value 1.62.
Sorbed Desorbed R Value
M,' Atoms V M. Equivs Cl"
2.179 0.9850 2.21
2.146 0.9572 . 2.24
2,179 0.9767 2,23
2.163 0.9893 2.19
Resin of weight swelling value 0.95.
Sorbed Desorbed R Value
M. Atoms V M.' Equivs Cl”
2.903 1.398 2. 08
2.615 1.372 1.91
2.722 1.359 2.00
Resin of weight swelling value 0.80.
Sorbed Desorbed R Yalue
M.' At oms V M. Equivs Cl”
2.2123 1.0688 2.07
2.1136 1.0562 2.00
2.1136 1.0730 1.97
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Table. 11 contd.
He'sin of weight swelling value 0,70.
Sorbed Desorbed R Yalue
M. Atoms Y M. Equivs Cl"
2, 566 1,3506 1.899
2.577 1.3506 1.905
2,591 1.3925 1.860
Resin of weight swelling value 0.74.
Sorbed Desorbed R Yalue
M. Atoms Y M.'Equivs Cl"
2.492 1.2585 1. 98
2,525 1.2544 2.01
2,508 1,1972 2,10
2.558 1.2391 2. 06
Resin of weight swelling value 0.9'1.
Sorbed Desorbed R Yalue
M. Atoms Y M. Eqtiivs Cl"
2.854 1.3436 2.12
2,895 1.3562 2.13
2.821 1.3590 • o 00
2.739 1.3688 2.00
“ Resin of weight swelling value 1.04.
Sorbed- Desorbed R Yalue
M. At oms Y M. Equivs Cl"
2,336 1.0297 2.27
2,426 1.0530 2,30
2.311 1.0046 2.30
2.377 1.0143 2.34
. Table. 11 cont.d.. . .
Resin of weight swelling value 0.60.
Sorbed. Desorbed - R Value
M. Atoms V M. Equivs Cl" ' '
1.916 1.0709 1.77
1.016 1.0632 1.80
1.941 1,0548 1.84
2.048 1.1065 1.85
- -81*-
Table 12.
R values obtained from.experiments with resins
of differing weight swelling values.in contact with.vanadate
solutions of pH 6*5. Figure ZI. Vanadium concentration
0.053 gm, atoms per litre.
Resin of weight swelling value 1.04.
Sorbed Desorbed R Value
M. Atoms V M. Equivs Cl"
1.871 0.9669 1.94
1.80 7 0.9683 1.87
1.828 0.9683 1.89
Resin of weight swelling value 0.91.
Sorbed 
1. At oms V 
1.967.
1.978
1.978
Desorbed 
5. Equivs Cl" 
1.3716 
1.3534 
1.3813
R Value
1.43 
1.46
1.43
Resin^of weight swelling value 0.80, 
Sorbed Desorbed R Value
I. Atoms V M. Equivs Cl“
1.850 1.3604 1.36
1.721 1.3422 1.29
1.850 1.3687 1.35
1.828 1.3548 1.35
-82-
Tab.le 12 contd.
Resin of weight swelling value 0.74,
Sorbed Desorbed R Yalue
M. Atoms Y M. Equivs Cl'
1.925 1.3854 1.39
1.95? 1.4008 1.39
1.935 1.3854 1.40
1.946 1.3911 1.40
Resin of weight swelling value 0.70.
Sorbed Desorbed R Yalue
M. At oms Y M. Equivs Cl"
2,106 1.5752 1.34
2.12? 1.5795 1.34
2,213 1,5557 1.42
2.128 1.5627 1.36
Resin of weight swelling value 0.63.
Sorbed < Desorbed R Yalue
M. Atoms Y M. Equivs Cl"
2.042 1.548? 1.32
2.064 1. 5599 1.32
2. 064 1.5348 1.34
2. 053 1.5529 1.32
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Table 12 contd.
Resin of weight swelling value 0.60.
R Value
1.18 
1.15
1.17
Sorbed 
!. Atoms V 
1.689 
1.615 
1.654
Desorbed 
L Equivs Cl' 
1.4260 
1.4037 
1.4190
Resin of weight swelling value 0.49.
Sorbed
1. Atoms V 
1.101
1.037 
1.101 
1.123
Desorbed 
M. Equivs Cl'
1.1329 
1.1204
1.1329 
1.1399
R Value
0. 97
0.92
0.97
0.98
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Table 15.
R values obtained from, experiments, with, resins . of 
differing weight swelling, values in contact with vanadate 
solutions of pH 6. Figure XII. Vanadium concentration
0.052 gm. atoms per litre.
Resin of weight swelling value 1.04.
Sorbed Desorbed R Value
M. At oms V M. Equivs Cl” ■ -
1.979 1.0032 1.97
1.979 1.0115 1.95
1.966 1.0180 1.93
Resin of weight swelling value 0.91.
Sorbed Desorbed R Value
M. Atoms V M. Equivs Cl"
2.391 1.3562 1.76
2.377 1.3604 1.75
2.324 1.3464 1.73
Resin of weight swelling value 0.80.
Sorbed Desorbed R Value
M. Atoms V M. Equivs Cl"
1.793 1.1092 1.62
1.899 1.1399 1.67
1.872 1.1400 1.64
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Table 13 contd.
Resin of weight swelling value 0.60.
Sorbed Desorbed R Value
M. Atoms V M. Equivs Cl~
2.099 1.482 1.42
1.953 1.499 1.31
2.059 1.481 1,39
Vanadium concentration 0.06 gm. atoms per litre 
Resin of weight swelling value 0.95.
Sorbed
I.' At bins V 
2.324 
2.331
2.338
2.338
Desorbed 
L Equivs Cl' 
1.3088 
1.3144 
1.3004 
1.3171
R Value
1.78
1.79
1.80 
1.77
Resin of weight swelling value 0.74. 
Sorbed Desorbed R Value
5. Atoms V M. Equivs Cl~
2.444 1.5240 1.60
2.417 1.5097 1.60
2.497 1.5334 1.63
2.431 1.5250 1.59
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Table 13 contd,
Resin of weight swelling value 0.70.
Sorbed
I.' Atoms V 
2,311 
2.364 
2.271
Desorbed 
\li, Equivs Cl" 
1.532 
1.546 
1.535
R Value
1.51
1,53
1.48
Resin of weight swelling value 0.63.
Sorbed
I." Atoms V 
2.205 
1.355 
1.275
Desorbed 
L Equivs Cl 
1.613
1. 044
1,037
R Value.
1.37
1.30
1.23
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Table. 14. .
R values.obtained from.experiments with resins 
of differing weight swelling values in contact with 
vanadate.solutions of pH.?* Figure XII. Vanadium 
concentration 0*05.8 gm..atoms per litre.*
Sorbed Desorbed R Value
M. Atoms V M. Equivs Cl"
1*76? 1,612 1. 096
1, 742 1.608 1. 083
1.706 1.604 1.063
1.730 1.612 1. 073
1. 742 1.617 1. 077
Resin of weight swelling value 1.18
Sorbed Desorbed R Value
M. Atoms V M.' Equivs Cl"
1.499 1.312 1.142
1*365 1.303 1.048
1.450 1.309 1.107
1*413 1.305 1.082
Resin of weight swelling value 1.04,
Sorbed Desorbed R Value
M. Atoms V M. Equivs Cl"
0. 963 0.9669 0. 995
1. 036 0.9907 1.046
1. 011 0.9669 1,045
0. 987 0.96S7 1. 019
1.011 0.9739 1. 038
Resin of
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Table 14 contd. .
weight swelling value 0.91,
Sorbed Desorbed R Yalue
M. Atoms Y M. Equivs Cl~
1.389 1.323 1. 049
1.378 1.331 1, 035
1. 523 1.338 1.140
1.328 1.317 1.008.
1.389 1.328 1.046
Resin of weight swelling value 0.80,
Sorbed Desorbed R Yalue
M. Atoms Y M. Equivs Cl"
1.523 1.331 1.144
1.378 1.330 1.036
1.328 1.328 1.000
1.316 1.305 1.010
1.352 1.323 1.022
Resin of weight Swelling value 0.74,
Sorbed Desorbed R Yalue
M. At oms Y M. Equivs Cl"
1.547 1.507 1,027
1.547 1.505 1.028
1.499 1.514 0.990
1.547 1.490 1.038
1.523 1.497 1.017
 -39-
Table 14 contd.
Resin of weight swelling value 0.70.
Sorbed Resorbed R Yalue
M. At oms Y M. Equivs Cl"
1.620 1.533 1,057
1.620 1.528 1.039
1.572 1.533 1.025
1.560 1 542 1. 012
1.584 1.536 1.031
Resin of weight swelling value 0.63.
Sorbed Desorbed R Yalue
M. Atoms Y M. Equivs Cl"
1,504 1,372 0,950
1.352 1.385 0.976
1.474 1.420 1.038
1.377 1.408 0.978
Resin1of weight swelling value 0.60.
Sorbed Desorbed R Yalue
M. At oms Y M. Equivs Cl"
1,316 1,261 1. 044
1.328 1.288 1.032
1.157 1.271 0.910
1.255 1.275 0. 984
1.267 1.269 0. 998
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Tab'le 14 contd.
Resin of weight swelling value 0.49. 
Sorbed Desorbed R Value
1. Atoms V M, Equivs Cl“
1.182 1.077 1.097
0.987 0,988 0,999
1.011 1.060. 0.954
1.084 1.193 0.909
1.048 1.126 0.931
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Table 15,
R values obtained from experiments with resins.of
differing weight swelling values in.contact with vanadate 
solutions.at pH 10. Table VI. Vanadium concentration 
0.06 gm. atoms.per litre. . .
Resin of weight swelling value 0.70.
Sorbed Desorbed R Value
M. Atoms V Mo Equivs Cl'
1.208 1.578 0.767
1.219 1.584 0.769
1.208 1.572 0. 769
1.230 1.581 0.778
1.219 1.575 0. 774
Resin of we ight swe11ing value 0.63.
Sorbed Desorbed R Value
M. Atoms V M. Equivs Cl’
1.208 1.511 0.800
1.294 1.552 0.834
1.262 1.489 0.848
1.272 1,521 0.837
1.262 1.510 0.836
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  Table 15 contd.
Resin of weight swelling value 0.'60. 
Sorbed Desorbed R Value
M. Atoms V M. Equivs Cl"
1.112 1.451 0. 766
1.133 1.447 0.783
1.144 1.468 0.779
1.123 1.454 0, 772
1.165 1.446 0.806
Resin of weight swelling value 0.49. 
Sorbed Desorbed R Value
M. Atoms V M. Equivs Cl"
0.9623 1.409 0.683
0.9944 1,437 0.692
0.9730 1.401 0.695
0. 9837 1.427 0.689
0.9730 1.433 0,676
0.9837 s 1.440 0.686
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Table 16.
The effects of.the variation of vanadium 
concentration on the value of R. Solutions at pH 7.
Table VII. ........................
Series I : vanadium concentration 0.137 gm. atoms 
per litre.
Resin of weight swelling value 0.74.
Sorbed 
M. At oms V
1.434 
1.508 
1.490
Desorbed 
M, Equivs Cl
1.2920
1.2808
1.2948
R Value
1.11
1.18
1.15
Resin of weight swelling value 0.91
Sorbed 
M. At oms V
Desorbed 
M. Equivs Cl
R Value
1.655
1.618
1.545
1.508
1.4818
1.3799
1.4120
1.4064
1.12
1.17
1.09
1.07
Resin of weight swelling value 1.04
Sorbed 
M. Atoms V 
1.287 
0,993 
1.127
Desorbed 
M. Equivs Cl
R Value
1.0269
1.0255
1.0437
1.253
0.968
1.127
. -94-
Table 16 contd.
Series II : vanadium concentration 0.0686 gm. atoms 
per litre. Weight of resin samples 0.3 ‘gms,
Resin of weight swelling value 0.74.
Sorbed Desorbed R Yalue
M. Atoms Y M, Equivs Cl’
0.8092 0.7744 1.045
0.9158 0. 7786 1.176
0. 9058 0. 7800 1.167
0.8827 0.7730 1.141
Resin of weight Swelling value 0.91.
Sorbed Desorbed R Yalue
M. Atoms Y M. Equivs Cl”
0.9195 0.8637 1.064
0.9011 0.8734 1.031
0, 9011 0.8720 1.033
0.8275 0.8720 0. 949
Resin of weight swelling value 1. 04.
Sorbed Desorbed R Yalue
M. Atoms Y M. Equivs Cl
0. 6069 0.632 0.961
0.6069 0.628 0.967
0.6437 0.639 1. 007
0.6803 0.614 1.108
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Table 16 contd,
Series III s vanadium; concentration 0.0343 gm. atoms 
per litre. Weight of resin samples 0.25 gms.
Resin of weight swelling value 0.74,
Sorbed Desorbed R Yalue
M. Atoms V M, Equivs Cl"
0.526 0.526 1.00
0. 563 0. 523 1.08
0.454 0.445 1.02
0.544 0.533 1.02
Resin of weight swelling value 0.91.
Sorbed Desorbed R Yalue
M. Atoms V M. Equivs Cl”
0.562 0.583 0.965
0. 544 0.580 0.937
0.600 0. 582 1. 030
0.600 0. 580 1. 033
Resin of weight swelling value 1.04.
Sorbed Desorbed R Value
M. At oms V M. Equivs Cl~
0.454 0,445 1.02
0.412 0.449 0.924
0.412 0.435 0.955
0.412 0.451 0.922
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Table 17.........
The titration of lithium vanadate with hydrochloric 
acid. Figure XIII. Strength of acid solution 0.31 molar. 
Vanadate solution 0.04625 gm. atoms of vanadium per litre.
pH H W
12.10 0.04625 0
11.69 0. 04363 0.01755 2.486
11.50 0. 04302 0. 02163 1.989
11.35 0, 04282 0. 02296 1.865
11.22 0,04263 0.02429 1.755
11.03 0. 04243 0.02560 1.657
9.74 0.04205 0. 02818 1.492
9.61 0. 04197 0. 02869 1.463
9.56 0. 04189 0. 02920 1.434
9.52 0. 04182 0. 02971 1,408
9.45 0. 04161 0. 03072 1.354
9.36 0. 04148 0. 03197 1.297
9.29 0. 04130 0. 03321 1.243
9.16 0. 04093 0.03566 1.148
9.07 0. 04057 0. 038 07 1.066
8.82 0. 03953 0. 04504 0.878
8.59 0. 038 7 0 0. 05059 0.765
8.42 0. 03822 0. 05380 0.710
8.16 0. 03776 0. 05694 0.663
7.85 0.0573 0 0. 06000 0.622
7,59 0. 03715 0.06100 0.609
7,31 0. 03700 0. 062 00 0.597
6.97 0. 03685 0. 06299 0. 585
6.38 0. 03659 0. 06475 0.565
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Table 17 contd.
pH W M , f J L  j (HClJ
6.03 0.03642 0. 06591 0. 553
5.75 0.03627 0, 06686 0.542
5.40 0.03613 0. 06781 0. 533
5.20 0. 03599 0. 06875 0,523
4.98 0. 03585 0. 06969 0.514
4.60 0. 03571 0. 07062 0.506
4.18 0.03558 0. 07154 0.497
3.67 0. 03544 0.07245 0.489
3.10 0. 03531 0.07336 0.481
2.95 0. 03517 0,07426 0.474
2.86 0. 03510 0. 07471 0.470
2.68 0. 03491 0. 07604 0,459
2.50 0. 03464 0.07779 0.445
2.33 0. 03426 0.08037 0.426
2.04 0. 03304 0. 08857 0.373
. -98- 
Table 18.
The titration of vanadic acid with ammonium 
hydroxide. Figure XIV. Ammonium hydroxide solution 
1.0665 N. Vanadic acid : concentration of vanadium 0.06084.
pH Initial pH Final M 'sf > Wi: ------------- ■ ■/
2.07 2.07 0
2.22 2.32 0. 00889 6.84
2.71 2.73' 0.01775 3.42
3.22 3.23 0.02222 2,736
4.66 4.64 0.02 666 2.280
5.52 5.42 0.02888 2.104
6.74 5.87 0.03111 1. 954
7.10 5,87 0. 03333 1.768
7.80 6.18 0.03555 1.710
8.29 6.28 0.03822 1.591
8.62 6.29 0.03 999 1.520
8.98 6.43 0.04444 1.368
9.30 6.68 0.05333 1.140
9.55 7.91 0.06221 0.977
9.69 8.52 0. 07110 0.855
9.76 8.78 0.07999 0.760
9.77 9.02 0.08888 0.684
9.94 9.03 0.09776 0.622
9*97 9.14 0.10665 0.570
10. 08 9.24 0.12443 0.489
10.14 9.38 0.14220 0.428
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Table .19.
The absorption.spectra of vanadate solutions. 
Table VIII, Figure XV and Figure XVI. Cells used;, quartz 
of one centimetre thickness. Vanadium concentration 
0.025 gm. atoms per litre.
pH 2.4 . pH 5.9 pH 5.2
mjA T.D. m /A T.D. T.D.
470 1.2 485 1.0 485 0.5
480 2.2 490 3.0 490 2.0
490 9.4 495 6,6 495 4.2
495 15.5 500 12,5 500 8.5
500 25.8 505 21.0 510 17.0
505 34,5 510 33, 0 515 35.2
510 45, 5 515 44.0 525 58.2
515 54.2 520 55. 0 530 68.7
520 63.5 ; 525 65.2 535 76.5
530 74.0 530 73.7 540 83.0
535 78.5 535 81.0 550 91.6
540 80. 0 540 86,3 560 96. 6
550 83.5 550 92.6 570 97.3
570 88.1 560 95.5
590 89.5 570 97,2
595 90.0 580 97.9
605 86.0 600 97.8
610 84,0
615 81.4
625 72.8
630 96.0
640 97.0
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Table 19 contd.
-
PH 6.4 pH 6.45 PH 6.6
T.D. m T.D. my/. T.D.
450 0.3 480 1.7 440 0.8
460 0.4 490 6.5 445 1.4
470 2.8 495 11.6 450 2.9
480 3.0 500 18.2 460 6.2
485 13.6 505 27.3 470 12.0
490 19.6 510 38. 0 475 15.8
495 26.4 515 47.7 480 20.3
500 35.5 520 58.6 485 27.7
505 44.4 525 67.8 490 35.1
510 53.7 53 0 75.6 495 42.9
515 62.5 535 81.6 500 51.5
520 70.3 540 87.0 505 59.0
530 83, 0 550 93.0 510 67.4
540 90.2 560 96.7 515 74.5
550 94.6 570 97.8 520 80,5
560 96.5 590 98.8 525 85.1
570 97.8 530 89.2
580 98.0 540 94.7
590 98.0 550 97.7
560 98.8
570. 99.5
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Table ;19 oontd.
pH 6.7 •pH 7.5 pH 8.0
m/A T.D. m j>k T.D. m yM. T.D.
385 2.7 368 12.2 367 11.6
390 3.2 370 9.3 368 10.4
400 5.2 372.5 8.4 370 9.4
410 8.1 375 10.1 372.5 9.0
420 12.5 377.2 13.3 375 10.0
430 18.6 380 18.8 380 19.2
435 22.0 382.5 26.9 385 , 37.3
440 24,9 385 36.7 387.5 48.3
450 33.2 387.5 46.7, 390 58.5
460 39.5 390 57.3 392.5 66.8
470 52.0 392.5 66.4 395 75.4
475 56.5 395 74,5 400 85.1
480 61.8 400 85.6' 405 90.7
485 66.5 405 91.3 410 94.0
490 71.6 410 94.7 420 96.7
500 80.6 415 96.4 430 98.1
510 87.9 420 97.1. ■
520 92.2 430 97.8
530 96.2
540 98.3
366 8.0
370 5.2
375 3.3
380 2.5
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Table 19 contd.
pH 8.5
T.D.
365 13.3
370 8.6
375 10.0
380 ro o • o
385 26,7
5590 56.4
395 68.8
400 •
WCO
405 88.2
410 91.1
415 93.2
420 94.1
430 95.0
440 96.2
450 96.?
470 9?.2
480 9?.5
500 98.0
530 97.1
560 98.1
600 99.2
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P A R T  III
THE PHOSPHATES OF QUIHQUEVALENT VAHADIUM
HISTORICAL ACCOUNT
Various compounds of pentavalent vanadium and phosphoric acid
were described by Berzelius in 1831^ and the formula Vo0ir.Po0ir given
2 5 2 5
to a yellow solid he had prepared.
Shortly after this Guyard^0 made several "yellow glasses" by the 
fusion of the pentoxides of phosphorus and vanadium but. their exact com­
position was uncertain.
The next series of investigations9 during the latter half of the 
nineteenth century9 as with the vanadates9 were concerned with the prepara­
tion and analysis of solid compounds. Owing to the limitations of the
methods of preparation and the complexity of the subject9 these reports were
7
often of doubtful value. Ditte prepared a number of both yellow and red
1
phosphates from solutions of ammonium vanadate and phosphoric acid and Gibbs
9
reported the preparation of other compounds by similar methods. Friedheim 
was unable to confirm the existence of those compounds prepared by Ditte and 
Gibbs but gave the formulae of yet others. A table of these compounds is 
given below.
Ditte Gibbs Friedheim
Yellow Yellow Yellow
Ditte Gibbs Priedheim
Red Red Red
3(UH4)20.4V205.P205 20V205.P205>6H20 TMgO.lOTgOg.PgO .26HgO
Friedheim termed the yellow and red compounds luteo and purpureo
respectively and considered that in the yellow compounds, where the ratio
of vanadium to phosphorus is low, the vanadium was of a basic character,
67
(however, in a later paper , in the light of varying analytical results, 
he considered that they were solid isomorphous mixtures of phosphates and 
vanadates). He postulated that in the red, or purpureo compounds, formed 
at higher pH, where the vanadium was in preponderance, it had an acidic 
character. This reflects the modern view that the luteo compounds.are 
vanadyl salts of orthophosphoric acid whereas the purpureo compounds are 
phosphovanadates, that is, heteropoly acids or their salts.
Having considered the early investigations into the nature of these 
two classes of compounds, it will be more convenient to deal with them as 
separate entities from this point. To this end investigations of the 
luteo compounds will be described first,
Luteo Compounds
Rosenheim and Yang^ prepared luteo compounds of the formula 
V^O^.P^O^nH^O by boiling solid vanadium pentoxide with phosphoric acid 
of different concentrations under reflux. They found that these compounds 
tended to absorb phosphoric acid from more concentrated solutions. Later 
Rosenheim showed the existence of compounds having a ratio
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of two to one .
An .anhydrous yellow compound of formula V^O^.P^O^ was prepared by
70Jander, Jahr and Witzmann by adding acetone to solutions containing
nitric acid, sodium dihydrogen phosphate and sodium metavanadate.
Vanadium pentoxide is only slightly soluble in phosphoric acid 
71and Bowman suggested that it could be removed from solution in the form
of the sparingly soluble yellow phosphates.
More recent work on the isolation of solid compounds was that
11published by Souchay and Dubois in 194-8 in which they confirmed the
existence of the compound KgO.VgO^.PgO^.HgO. However, all work of this
type was really an extension of that carried out in the latter half of the
nineteenth century.
72Dullberg had suggested that pentavalent vanadium could exist in a 
cationic form and Jander concluded that the luteo compounds, being formed 
from solutions at a pH at which only cationic vanadium, exists, were there­
fore likely to be true vanadium or vanadyl phosphates^. In 1934 Carpenter^
4*demonstrated that the cation formed by pentavalent vanadium existed as VO^ .
This he did by using a reversible cell reaction in which he assumed the
2+quadrivalent vanadium cation to be VO and found that in the pentavalent
cation, V 0 Z+, x was 1.09, y 2.05, and z 1,05* Souchay and Dubois'^
x y
agreed with the view that the luteo compounds were quinquevalent vanadium 
salts of orthophosphoric acid.
The most recent systematic study of the luteo compounds was that
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12undertaken by H.R.Tietze , by means of an examination of the system 
V^O^-PgO^-HgO, from which he deduced the existence of compounds having 
the ratios of ^2^52^ 2^5 of lsl, 2§3 and Is 3, the last being metastable.
As the compositions of the luteo compounds are somewhat in doubt, 
it was considered that a further study of the system Vo0,_-P20,--H20 might 
yield additional information.
Purpureo Compounds
75Early in the twentieth century Rosenheim and Pieck J prepared
several purpureo compounds by the double decomposition of alkali metal
salts with solutions of ammonium vanadate and phosphoric acid at 0°C,
They obtained compounds having the formula where
M was K, Rb or Cs. Jander also prepared certain phosphovanadates and, on
the basis of his investigations of these, concluded that the ratio of phos-
73phorus to vanadium in these compounds was 1§8 * The existence of certain
exceptions was admitted but it was stated that in these salts there was a 
certain amount of cationic vanadium. More recent work on the isolation 
of this type of compound was carried out by Souchay and Dubois in 194$ 
who prepared compounds having the formula TMgO.IPVgOy70H20, where M is 
an alkali or alkaline earth metal. They attributed the formula
p. x
I P(v^O^)^ \ to the "twelve” phosphovanadates they had prepared.
Early developments in the consideration of the structures of these
Hfc*
compounds were initiated')by Miolati , who, on the basis of Werner!s co­
ordination theory, assumed the central group of a. heteropoly acid to be
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formed from a hypothetical acid having six oxygen atoms, e.g. H^PO^ in 
the case of phosphoric acid, The oxygen atoms of this "acid” would he
replaced by co-ordinating groups made up from the niso” acid. In the
2- 77case of vanadium the group was suggested, Copeaux included in
this scheme the isopoly acids, considering water as the central "hetero"
7 Pi
acid, and Rosenheim explained the existence of compounds with ratios of
phosphate to vanadium other than 1s6 or Is 12 by postulating structures
in which the full number of oxygen atoms surrounding the central "hetero"
acid group were not replaced by nisoM acid groups. These ideas also lead
75to the view of Rosenheim and Pieck that the luteo compounds they had
prepared were salts of orthophosphoric acid where either one or two of the
oxygen atoms of the acid were replaced by V0^ groups.
It has proved exceedingly difficult to identify unambiguously the
purpureo compounds formed in solution. For this reason knowledge of
their constitution is scanty and in later structural considerations less
attention has been given to them than to the heteropoly acids of molybdenum
79and tungsten, Pauling ' developed a theory for the structure of heteropoly 
acids based on co-ordination, following that of Miolati and Rosenheim, but 
an essential of this theory is the incorporation of large numbers of v/ater 
molecules in the acid structures. In practice several of the compounds 
he considered have been found to be capable of existing in a far lower 
degree of hydration than his theory would allow. However, he was the first
to put forward the idea that anions of poly acids could be regarded as
units with typical oxide structure co-ordination.
Keggin determined the structure of certain hetero-poly compounds 
“by X-ray methods and he showed the central group in the "twelve” acids 
and salts to be an XO^ tetrahedron while the "iso” acid groups, e.g.
MoOg octahedra joined in threes to form Mo^CX^ groups, each sharing the 
oxygen atom of the central tetrahedron and oxygen atoms with the other 
"iso” octahedra. Such anions, when packed in a crystal lattice, leave 
large spaces which permit a high degree of hydration without that hydra­
tion being water of constitution. Furthermore, the outer cage of this 
structure is itself stable without the presence of a central group and 
this removes the need for the postulation of hypothetical acid ions, as 
in the case of Miolati’s theory, in order to explain heteropoly acid 
structures.
The work just described was concerned with the nature of solid 
compounds, however, and conditions in solution could vary with the removal 
of the crystal lattice forces.
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THE SCOPE OF THE WORK
The first object of the investigation was the systematic 
identification of the stable yellow phosphates of vanadium formed 
in acid media. This was achieved by the study of the phase diagram 
of the system V^O^-P^O^-HgO.
A further object was to determine something of the nature of 
the purpureo anions formed in solution. In order to do this spectro- 
photometric, titration, and ion exchange techniques were used.
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EXPERIMENTAL SECTION
This section is supplementary to that of Part I. For this 
reason repetition of methods and of descriptions of apparatus used is 
avoided.
(I) MATERIALS
All materials used in this section of the work, e.g. phosphoric 
acid, ammonium molybdate, and vanadium pentoxide, were of analytical grade.
(II) ANALYSIS
Vanadium - By the titration of aliquots of solution identical in 
vanadium concentration, with or without the addition of phosphoric acid, 
it was shown that the oxidation-reduction method already used was completely 
satisfactory.
Phosphate - The presence of vanadium in phosphate solutions inter­
feres with any chemical method of phosphate analysis. To avoid this it 
was judged necessary to remove all vanadium from such solutions. This 
w a s done by first reducing the vanadium to the quadrivalent state and then 
passing the solution through a column of ZeoKarb 225 in ibe hydrogen form. 
Although phosphoric acid is a more effective complexing agent for the 
vanadyl (IV) cation than the other common mineral acids, this difference 
is but slight and quadrivalent vanadium shows a high affinity for cation 
exchange resins. This is shown by comparative studies of the removal
of vanadium from such resins, see Figure XVIII. An attempt was made to
12utilise the reducing action of cation exchangers on vanadium to effect 
reduction and removal simultaneously by using ZeoKarb 215, an earlier
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type of resin with greater reducing powers than ZeoKarb 225* "but this 
proved not he feasible.
It was essential to wash the resin columns rigorously after the 
sorption of the vanadium (IV) to remove all phosphate from them. The 
amount of washing depended on the hulk of the resin* 250' mis, of water 
heing adequate for each gram of resin if the passage of water is slow 
(125 mlso/hr,)»
There were two methods for the analysis of phosphate which seemed 
to he suitable.
If a solution containing phosphate ions is titrated with bismuth
On & Q
oxyperchlorate* an insoluble bismuthyl phosphate is formed * * and if
thiourea is added to thesolution being titrated* any excess of bismuthyl 
ion will form a yellow complex with this* thus indicating the endpoint . 
Due to the presence of sulphate in the solutions to be analysed and the 
dilution of certain of these solutions* this method would not be carried 
out under ideal conditions and was discarded in favour of weighing the 
phosphate as ammonium phosphomolybdate. The phosphate was precipitated 
as ammonium phosphomolybdate in the presence of nitric acid, filtered into 
a sintered glass crucible* dried at 100°C and weighed,
(in) APPARATUS
In order to study the phase diagram of the system ^2^5~^2^5’**'^ 2^ 
at 25°C* the materials were contained in closed tubes in a thermostatically 
controlled environment and allowed to reach equilibrium.
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For this purpose a water-filled tank was used* its temperature
being controlled by a mercury-toluene regulator, actuating a nSunvic,!*
relay which operated a heating bulb.
The mixtures to be studied were made up in glass tubes* cleaned
and dried as specified in the experimental section of Part I, which were
then closed with ground glass stoppers and suspended in a submerged
framework in the tank. The mixtures were stirred with clean glass rods
every week and were left in the tank for periods longer than three months,
12
as recommended by H.R.Tietze
When required for analysis the tubes were taken from the tank and 
the mixtures filtered through sintered glass crucibles* porosity grade 
four* the solutions and wet solids were collected finally in dry weighing 
bottles of known tare.
Aft extermination of the weight of each sample it was dissolved 
in distilled water and the solution was then transferred to a graduated 
flask and diluted to volume. Aliquot portions were then used for the 
analysis.
(IV) THE PREPARATION OF PHASE DIAGRAM SAMPLE'
Samples for the phase diagram study were prepared by mixing 
concentrated phosphoric acid and water. These were fed into the dry tubes 
from burettes which allowed some regulation of the concentration of phos­
phorus pentoxide in each sample.
To these solutions vanadium pentoxide was added and the mixtures 
were then stirred witji clean glass rods and placed in the thermostat.
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RESULTS ADD DISCUSSION
As was expected from previous work* the first point which appeared 
when the results of the phase diagram studies were considered was the 
extremely low solubility of vanadium pentoxide in phosphoric acid at low 
pH. This precludes the possibility of representing the solubility iso­
therm readily on the normal three component diagram. Accordingly a 
separate graph has been plotted to show the solubility of vanadium 
pentoxide with respect to the percentage of phosphorus pentoxide in the 
solutions, see Figure XIX, From this it can be seen that the solubility 
of vanadium pentoxide does not rise above 0.6$ and that a break appears 
in the curve at a concentration of phosphoric acid of about 40$. The 
fact that the phase diagram shows a change of phase at a concentration of 
phosphorus pentoxide of 30^ but not at a concentration of ^ 0 % indicates 
that the break in the solubility curve is probably of small significance.
From a consideration of the phase diagram, shown in Figure XX, 
it is immediately apparent that two stable compounds are formed and that 
a change of phase occurs at a concentration of about 30°]o in phosphorus 
pentoxide* tie lines of solutions of 28.5$ in phosphorus pentoxide 
connect with the composition of compound I, whilst that from a solution 
about 31^ in phosphorus pentoxide connects to compound II. It would 
therefore be reasonable to suppose that the region of stability of 
compound I in solution is free from 5$ to 29$ in concentration of
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phosphorus pentoxide and that of compound II from 31$ upwards to at least 65$»
Compound I appears to he dafk green to the naked eye hut under the 
microscope its crystals could he seen to consist of yellow square plates, 
usually with the corners cut off, see Figure XXI.
The composition of compound I would appear to correspond most closely 
to one indicating a formula of V^O^.PgO^.6HgO, that is, 32.9$ PgOp.,
42,1$ V^O and 25$ HgO. ‘fc^Le ^i© lines render it
difficult to determine the exact degree of hydration of the compound hut 
the pentahydrate and the heptahydrate are to the right and left respectively, 
of the majority of the tie lines and it is therefore reasonable to assume 
that the compound is the hexahydrate.
As can he seen from the historical account many compounds of formula 
V205,P2059 have heen reported although none were of this degree of
hydration.
Compound II is yellow in appearance, hoth to the naked eye and under 
magnification, its crystals are far smaller and less perfect than those of 
compound I hut it would appear to he of the same type, see Figure XXI.
Its composition most closely corresponds to that of a compound having a 
formula VgO,., 1. 5P20,-, 6. 5H20, that is, 35.5$ 41.6$ P ^  and 22.9$ HgO,
The only other possibility is that the compound is V^^.l^PgO^^HgO, hut 
this is unlikely since the point representing the composition of this compound 
lies below the majority of the tie lines to compound II.
Thus compound I corresponds to V0j^0^,3H20 and compound II to
(vo)2(hpo4)3.5H2o.
Figure XXX.
Crystals of compound I ( X 400 ). 
Figure XXI.4NM*«Ml —■ ta««Mii»i—  i. fn i vstn*
Crystals of compound II ( X 400 )
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The formulation as given is preferred to the alternative 
(VO^Jh^PO^^ H^O and j^ V02)(H2P0 )^j 2* 3^0 since in no other case
yet studied has a primary phosphate heen found to occur as a stable
phase in solutions containing 30fo or less ^2^5* Furthermore compounds
I**'
such asjCvOgjHgPO^^^PO^.SHgO having "phosphoric acid of crystalisation" 
are usually very soluble in water.
Evidently the time recommended by Tietze for the attainment of 
equilibrium in this system was adequate as no evidence of metastable 
conditions was found.
The study of the purpureo compounds., that is the phosphovanadates,
presented certain difficulties but several qualitative observations
assisted in determining the approaches used to overcome these,
73Jander had noted that if phosphoric acid is added to vanadate 
solutions purpureo compounds are formed and their coefficient of diffusion 
is about the same as that of the most complex vanadate ion. It may there­
fore be expected that resins of a weight swelling above that of resins 
permitting the free passage of d§cavanadate ions will offer free access 
to the phosphovanadate ions. In fact, exchange was found to take place 
freely with such resins in the experiments described in this section.
However, in ion exchange studies of solutions of these compounds 
there is the difficulty that there are likely to be four ionic species in 
contact with a resin that is initially in the chloride form, namely 
phosphate, vanadate, chloride and phosphovanadate. It might be thought
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that, if the number of ionic species in solution were reduced to three by 
using resin in either the phosphate or the vanadate form, the interpreta­
tion of results would be simplified. In such a case, however, there would 
be no unambiguous measure of the extent of exchange taking place. This 
means that in investigating such a system it becomes important to take 
advantage of any properties peculiar to the system which may permit the 
neglect or removal of any variable quantity.
When resins of high weighx swelling value were placed in solutions 
of phosphovanadates they took up the highly coloured anions with great 
rapidity indicating that these had a high affinity for anion exchangers. 
Furthermore, if a solution of ammonium metavanadate was acidified wit}* 
phosphoric acid, the formation of phosphovanadates occurred immediately 
at pH values below seven, whereas if vanadic acid and phosphoric acid were 
mixed the reaction was slow ®,n& excess phosphoric acid was necessary to 
convert all vanadate to phosphovanadate. These two items of information 
could be obtained by observing the colour changes in solution during reaction.
The next step was to carry out two pH titrations, the first of which 
was of an ammonium metavanadate solution with phosphoric acid. In this 
titration 50 mis. of a solution of ammonium metavanadate, (0.0677 gnu atoms 
per litre in vanadium), was titrated with 0.5 molar phosphoric acid.
A similar titration was carried out with an ammonium hydroxide 
solution of the same pH as the original vanadate solution. This enabled 
any characteristics of the titration, which were due to neutralisation of
phosphoric acid5 to he discounted.., The curve in Figure XXII is from these 
results and is a plot of the difference in phosphate concentration? A  P04? 
for solutions at identical pH values with or without vanadates being present. 
The rise in A  PO^ from pH 9*5 to about pH 7 is due to the formation of 
the tricondensed metavanadate from less condensed species, Ho phospho­
vanadate is formed at pH values higher than about 7 and these facts are 
therefore known from the work on the condensation of the vanadates. At 
pH values of 7 and below the formation of the phosphovanadates occurs.
This is shown by a further rise in A  PO^ from pH 7 to pH 4°5* From 
pH 4.5 to pH 3.5 the curve is level? indicating that reaction is complete.
A further rise in PO^ is shown from pH 3»5 to just above pH 2. This?
as will be shown by later results in this section? is probably due to the
further protonation of the phosphovanadate ions in solution. At pH values
below pH 2? the value of A  PO^ begins to fall off and this appears to 
be due to the breakdown of the heteropolyanions at low pH.
The second titration was that of vanadic acid with phosphoric acid 
and v/as attempted in order to find out something of the formation of 
phosphovanadates from the most complex vanadates. Phosphoric acid was 
added to 25 ml. portions of vanadic acid? the resulting samples being 
made up to a volume of 50 mis. with de-ionised water (concentration of 
vanadium in the final solution 0,0106 gm. atoms/litre). The samples were 
then allowed to come to equilibrium and their pH values found. Exactly 
similar procedure was adopted with a solution of phosphoric acid of the
F i g  o * e  XXTT
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same pH value as that of the original vanadic acid sample. This gave a 
curve representing the variation of pH with concentration of phosphoric 
acid in the absence of vanadic acid.
From these two sets of results* the difference in hydrogen ion 
concentration* H* at given concentrations of phosphoric acid with or 
without vanadic acid were calculated and these are shown plotted in 
Figure XXIII, This curve shows a steady rise with phosphoric acid con­
centration until it flattens out between 0,35 and 0,04 molar*
The reactions taking place can be followed visually and correspond 
to the formation of phosphovanadates from the decavanadate ion followed 
by their breakdown to form vanadyl (V) cations. Ho?;ever* it is a smooth 
curve and this renders it difficult to assess exactly at what stage these 
processes occur.
These two pH titrations show certain important points. Phospho- 
vanadates exist in solution between ca. pH 7 and ca. pH 1.8. At pH 
values between 6 and 7 they are not present in great concentration and 
some change occurs in the nature of these solutions at about pH 3.5*
Possibly this is an increase in protonation of the phosphovanadate ions.
Preliminary batch exchange experiments* carried out with solutions 
of ammonium metavanadate acidified with phosphoric acid* showed that 
sorption of vanadium from phosphovanadate solutions was large and that at 
low pH values* that is in the neighbourhood of pH 2* the ratio R was approxi­
mately 3.3 and declined gradually with rising pH till* at about pH 4? H was
/=VG<J/?£- >cx//l
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approximately 2,5» The solutions used in these experiments contained 
0.066 gm. atoms of vanadium per litre and the resin had a weight swelling 
value of 1,82,
In view of these results, it was decided to carry out exchange 
experiments at a pH slightly above that at which the phosphovanadate ions 
would be broken down into vanadyl (v) cations. To this end a solution was 
prepared by mixing vanadic and phosphoric acids, its final concentration 
being about 0,065 gm. atoms/litre in both banadium and phosphorus. The 
pH of this solution was about 1,8. To ascertain whether the phosphovana­
date ions would exchange with the resin to the exclusion of phosphate ion 
the same solution was used both for column and batch experiments. Any 
competition between the two ions, unless exceedingly small, would be shown 
by differences in the results from these experiments.
In the batch experiments, as in the preliminary experiments, 150 ml. 
quantities of solution and 0.5 gm. quantities of resin, having a weight 
swelling value of 1,82, were used. The solutions were analysed after 
they had been in contact with the resin for 200 hours, 25 ml. aliquots 
being taken for the determination of vanadium and 50 ml. aliquots for 
each determination of phosphate and chloride respectively. These experi­
ments gave a mean R value for vanadium of 3,29 (experimental variation 
+ 0.03), and 0.37 (experimental variation + 0.03), for phosphate, (P0^).
The column experiments, in which 0.5 litres of solution were passed through 
columns containing 0.5 gms, of resin over the course of three days, gave a
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mean R value for vanadium of 3*17* Unfortunately the determination of 
the phosphate sorbed on the resin proved extremely difficult and deter­
minations were therefore made of the change of phosphate content of the 
solution. This leads to inaccuracies since the R value is then based on 
a ratio involving one quantity, namely the phosphate sorbed, derived from 
the small difference of two large quantities. However, the mean- of 
four values for phosphate was R = 0.325* The slightly lower R value for 
vanadium in the column experiments indicates that the phosphate ions 
present in solution are showing some small competition for the resin. 
However, the high exchange capacity of the resin for vanadium shows that 
the phosphovanadate ion is being sorbed almost exclusively in both cases.
The mean R values for these experiments, both column and batch, are 3.23 for 
vanadium and 0,35 for phosphate, (P0^).
It is evident that to have two R values referring to different 
elements in the complex ion is extremely useful in the determination of 
the complexity of that ion, thus the mean R value for vanadium cf 3*23, 
suspected to be low, could indicate the presence of an ion containing ten 
vanadium atoms and possessing a charge of three, 3 x 3*23 - 9 or one 
containing thirteen vanadium atoms with a charge of four, 4 x 3*23 => 12,92. 
However, the corresponding values for phosphate5 (P0^), are 3 x 0.35> i»e* 
1.05, and 4 x 0*35? 1*4* Prom this it is apparent that, at this pH,
the phosphovanadate ions contain ten vanadium atoms, one phosphorus atom 
and possess a charge of three.
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It was now decided to attempt to identify those ions present at 
the highest pH values at which phosphovanadate ions are formed. Experi­
ments with solutions of pH values about seven were carried out but here 
the low concentration of phosphovanadates made it difficult to obtain 
reliable results in this pH range. However, in batch experiments carried 
out between pH 5 and pH 6, where the density of colour in solutions 
indicated a higher concentration of heteropoly anions, consistent results 
were obtained. To show the exchange of one species alone the experimental 
conditions in each case were identical in all but the pH of the solutions 
involved. Thus, if competition from other than phosphovanadate ions was 
occurring the results would differ significantly one from the -other. The 
quantities used were the same as in the previous batch experiments, that 
is 150 mis. of solution were in contact with 0.5 gms. of resin of weight 
swelling value 1,82 for 200 hours, and the solutions used were of a con­
centration of 0.074 gm. atoms/litre in vanadium and ca. 0.033 gm. moles/ 
litre in phosphate. The pH values were attained by the addition of 
ammonia solution, (0.880 sp.gr.). The mean R value given by these experi­
ments for vanadium vras 2.545? (experimental variation - O.ll), the mean 
value at pH 5 was 2.52, that at pH 5*9 was 2.59? thus there was no signi­
ficant variation with pH, the difference in this case was in the opposite 
sense to that which one would have expected from the condensation of the 
vanadates. The values of R for phosphate were of necessity less 
accurate but the mean was 0.251, (experimental variation 0,06), Again no
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significant trent with. pH could be observed. Thus the ions sorbed in 
this region possess ten vanadium atoms, one phosphorus atom and a charge 
of four, (2,545 x 4 = 10.18, 0.251 x 4 = I.OO4), Therefore it appears 
that from pH 6, where phosphovanadates are first formed in reasonable con­
centration, to pH 1,8, about the point where they are broken down to give 
vanadyl (v) cations, they exist in solution as ions containing ten vanadium 
atoms, one phosphorus atom and an ionic charge of three in solutions of 
low pH or of four in solutions of high pH. Such an ion must be formed 
from an acid of formula that is
H5V10°25P04-nH20-
Spectroscopic studies of the different phosphate solutions ?/ere
also carried out and their absorption sjpectra are shown in Figure XXIV.
These measurements were made with quartz cells of a thickness 
of one centimetre. The spectrum of the vanadyl cation is shown by 
the curves for vanadyl (v) perchlorate, (0*4 gm. atoms of vanadium per 
litre), and vanadyl (v) sulphate, (0.0324 gm, atoms of vanadium per 
litre). The two samples taken from the phase diagram study were 
of a dilute phosphoric acid solution associated with compound I, whose 
concentration was 0,0915 gm* atoms/litre in vanadium, and a solution 
more concentrated in phosphoric acid, with a concentration of vanadium 
of 0.0224 gm. atoms/litre, associated with compound II. The 
phosphovanadate solution contained 0.01 gm. atoms/litre of vanadium.
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The absorption spectra of the phase diagram specimens differed con­
siderably from those of the vanadyl (v) salts used as a comparison. 
This would indicate that the vanadium in these solutions was present9 
at least in part5 in a complex form.
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SUMMMY
It would appear from this work that there are two stable luteo
compounds of phosphoric acid and vanadium formed in acid media* One
formed in solutions containing from 5^ to 30$ of phosphorus pentoxide,
having a formula V0Oc oP00(_.6H009 and one formed from more concentrated
d p d. j <-
solutions which has the formula These are res-
pectivsly (V0)P04<3H20 and (¥0)2(HP0.)3.5H20.
Compounds having the first formula but with differing degrees of 
hydration, have been reported by many previous workers. The second 
compound, but with a different degree of hydration, has been reported 
only by H.R.Tietze^.
Investigations of purpureo compounds in solution indicate that an 
ion having a ratio of vanadium to phosphorus of 10s1 and a charge of either 
three or four exists. This would have a formula 5 V ^ ) y 0 * 5 ' P ^ ) ^ , ( 2 ' 5 + n ) K 2 0 9
that is, H^V^qO^.PO^.uH^O. Solid compounds corresponding to this formula
3 7 ^5
have been isolated by Gibbs and Rosenheim and Pieck . Prom this work
it also appears possible that, since this ion is found at the upper and
lower pH limits for the formation of phosphovanadates, it is the only phos-
phovanadate ion formed in solution normally.
It is difficult at this stage to assign a structure to this ion but
it is of interest to note that it is more easily formed from solutions of
simple vanadate ions than from the solutions of decavanadates.
-126-
P A E T  III
TABULAR RESULTS
-127- 
Table 1.
Batch studies of the elution. of the. vanadyl (IV.) 
cation, by mineral acids, from the cation exchanger ZeoKarb 
225* . Eigure XVIII.. Quantity.of resin 0.5 gms.
Volume of solution 50 mis. Capacity of resin 1.81 mequivs. 
per half gram.
HN03 H2;S04 HC1 . . . H3po4.
pH ^Elution pH ^Elution pH ^Elution pH ^Elution
0.1 67.9 0. 05 91,8 0. 05 88.2 0.12 97.5
0.26 59.3 0.25 82.5 0.25 87.3 0..64 80.0
0.6 47.3 0.5 63.8 0.5 55,1 0.8 66.9
0.81 23.6 0.75 35.0 0.75 30.8 1.0 49.3
1.1 9. 9 1.0 21.0 1.0 13.8 1.2 40. 5
1.3 6.6 1.25 7.8 1.25 6.44 H • ro CJ
l 24.5
1.6 3.3 1.5 1.6 1.5 3.67 1.4 19.7
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Table 2.
The solubility of vanadium pentoxide in
i acid at ro CJl o o • Figure XVIII.
* P2°5 * V2°5 <f> Pg05 * v2o5
5.69 . 0.59 38.4 0.046
12.6 0.50 39.75 0.066
19.0 0.39 45.8 0.070
28.6 0.34 52. 0 0.070
28.75 0.25 55.6 0. 086
30,9 0.31 64. 6 0.125
36.6 0.156 64. 6 0.173
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• ■ Table 3.
Phase diagram studies of the system Y g ^5~^2^ 
at 25°C. The analytical results associated with tie lines 
to compound I. Figure XX.
SOLUTION WET RESIDUE
*y>g W o CJl ^HgO. **2°5 foP205 ^HgO.
0.6 5.? 93.7 32.4 26.9 40.7
0.5 12.6 86.9 35.2 30.5 34.3
0.18 18.2 81.7 20.0 24.8 55.2
0.4 19.0 80.6 21.7 25.3 53 • 0
0.35 28.6 71.0 28.4 32.1 39.5
0.25 28.7 70.0 16.7 15.8 67.5
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.................  Table 4.
Phase diagram studies of the system. .Vg-Og-PgOg-HgO. . 
9-t 25°C. .The analytical results associated with tie lines 
to compound II. Figure XX*
SOLUTION WET RESIDUE
* V 5 ^2°5 /oHgO ^V205 •^P2°5 7oK 2 0
0.3 30. 9 68.8 33. 9 40.4 25.7
0. 05 38.4 61.4 25.8 39. 0 35.2
0. 07 39.8 60.2 22.6 41.6 35.8
0. 07 45.8 54.1 17.9 43. 9 38.2
0.07 52. 0 46. 9 20.5 46.4 33.1
0.17 64.6 35.2 8.0 59.0 33.0
0.12 64.6 35.3 14.2 56.3 29.5
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Table 5, .....
The titration of ammonium.vanadate solution with 
phosphoric acid. Figure XXII, .Concentration of phosphoric 
acid 0. 5 molar... Concentration of vanadium. 0.067.7 gm. atoms 
per litre. .Volume., of ..vanadate, solution used 50. mis.. . .
A titration was alr..o carried out.with an ammonium hydroxide 
solution, of the same pH as the vanadate solution; . this . 
allowed any changes taking, place, due. to the neutralisation 
of phosphoric acid.by. ammonium hydroxide .to be. accounted 
for.. pH is.the value associated with, the solution 
containing, vanadium and pH that.associated with.the 
ammonium hydroxide solution containing, the same amount of 
phosphate. AH is the difference, in hydrogen ion 
concentration between these corresponding solutions.
Total
Volume p% PH2 K ] [v ]
50 9.78 9.78 0 0.0677
50.7 9.7 9.32 0. 0069 0. 0668
51.1 9.67 9.06 0. 0108 0. 0663
51.7 9.6 8.3 0.0164 0. 0655
53 9.48 6.42 0. 0283 0. 0639
54.05 9.38 3.08 0. 0375 0.0626 0.0008
55 9.29 2.6 0. 0454 0. 0615 0. 0025
56.05 9.17 2.35 0. 0540 0. 0604 0. 0045
58.5 8.82 2.07 0.0727 0. 0579 0. 0085
60 8.45 1.97 0. 0833 0. 0564 0. 0107
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Table 5, contd.
Total
Volume pHx pHo '
K/
D 1  • £ &
60* 5 8,25 1,93 0. 0868 0. 0559 0. 0118
61 7.98 1.91 0.0902 0.0555 0. 0123
61.5 7.67 1.9 0.0935 0. 0550 0.0126
62 7.4 1.87 0.0968 0.0546 0. 0135
63 7.07 1,83 0.1032 0, 0537 0, 0148
63.5 6.96 1.8 ' 0.1063 0. 0533 0. 0158
64 6,84 1,79 0.1093 0, 0529 0.0162
65 6. 64 1.77 0.1155 0.0521 0.0170
66 6.48 1.74 0.1212 0. 0513 0.0182
68 6.18 1.69 y 0.1323 0. 0498 0. 0203
70 5.9 ’ 1.65 0.1429 0. 0484 0. 0224
71 5.73 1.62 0.1479 0.0477 0. 0240
72 5,54 1.61 0.1528 0. 0470 0. 0245
73 5.32 1.59 0.1575 . 0464 0,0257
74 5.06 1.57 0,1622 0. 0458 0. 0269
75 4.74 1.56 0.1666 0. 0451 0. 0275
76 4.00 1.55 0.1710 0, 0445 0. 0280
76.5 3.66 1.54 0.1732 0.0443 0. 0286
77 3.48 1.53 0.1753 0. 0440 0. 0292
78.1 3.18 1.52 0,1798 0.0433 0.0295
79 2.98 1.51 0.1835 0. 0429 0. 0298
80 2.85 1.5 ' 0.1875 0.0423 0. 0302
81 2.76 1.49 0.1913 0. 0418 0.0307
84 2.52 1.46 0.2024 0. 0403 0. 0317
86 2.42 1,44 0.2094 0.0394 0. 0325
88,5 2,31 1.42 0.2175 0.0382 0.0329
90 2.27 1.42 0.2222' 0.0376 0.0326
92 2.21 1,40 0.2283 0. 0368 0.0336
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Table 5. oontd.
Total
Volume P % pHQ K] &  H
94 2.13 1.39 0.2340 0. 0360 0. 0333
96 2.1 1.38 0.2395 0. 0353 0. 0338
100 2. 0 1.36 0.2500 0. 0339 0. 0337
104 1.96 1.33 0.2596 0. 0326 0.03 58
120 1.87 1.33 0.2727 0. 0308 0. 0333
Table' 5a. "
Values, obtained .from,..th.ose. of. table 5, showing, 
the difference in phosphate .concentration, .&P04, between, 
solutions at the same pH with and without vanadates being 
present.
pH- A po4 pH. & po4 pH
9.5 0. 025 6.25 0.102 2.5 0.154
9.25 0.042 6.0 0.110 2.25 0.160
9.0 0. 055 5.75 0.117 2.1 0.175
8.75 0. 065 5.5 0.123 2.0 0.175
10CO 0. 067 5.25 0.127 1.9 0.175
8.25 0. 070 5. 0 0.131 1.8 0.165
0CO 0. 073 4.75 0.133 1.75 0.158
7.75 0.075 4. 5 0.135
7.5 0.075 4. 25 0.137
7.25 0.076 4. O ' 0.137
7.0 0. 082 S.75 0.138
6.75 0. 087 3.25 0.139
6.5 0. 093 3.0 0.144
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Table 6. . .
The titration of vanadic acid with phosphoric- acid. 
Figure XXIII. Constant volume of 50. mis. Vanadium 
.concentration 0.0106 gm. atoms per litre. - The values given 
under pH are. those, for the vanadic. acid .- phosphoric acid 
mixtures, those under pH for the phosphoric acid solutions.
PHp pHg H -
2.57 2.51 0.0025 0.00046
2.47 2.37 0.0050 0.00088
2.58 2.28 0. 0075 0. 00108
2,33 2.20 0.0100 0. 00163
2.28 2.13 0. 0125 0.00179
2. 22 2.09 0.0150 0. 00210
2.20 2. 07 0. 0160 0. 00220
2.18 2. 05 0. 0175 0.00231
2.16 2. 03 0. 0190 0. 00241
2.15 2.02 0.0200 0. 00247
2.13 1.99 0. 0225 0. 00282
2.09 1. 96 0.0250 0. 00285
2. 08 1. 94 0. 0275 0. 00316
2. 05 1. 92 0.0300 0. 00311
2. 03 1.90 0. 0325 0. 00326
2.01 1.88 0.0350 0. 00341
1. 99 1.86 0.0375 0. 0C357
1.97 1.85 0.0400 0. 00340
1.94 1.83 0.0425 0. 00330
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. Table 7. .......
Preliminary experiments to. determine the variation 
of the. R value., with respect to. vanadium, .with pH in batch, 
experiments carried out with phosphovanadate solutions.
150 ml. quantities of solution in contact with 0.5 gm. 
quantities of.resin of weight, swelling value 1.82.
Time of contac t .2.00 hrs. Strength of solutions 0.066 gm. 
atoms of vanadium per litre.
pH R Value.
1.8 3.29
2.6 3.37
2.9 3.28
3.1 3.45
3.5 3.. 02
4.0 2.97
4.4 2.92
4.9 2.61
5.6 2.56
5.9 2.63
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Table 8.
Batch experiments with phosphovanadate solutions 
of low pH, ( pH 1.8). 150 ml. volumes of solution in
contact with 0.5 gm. quantities of resin, 1.82 weight 
swelling value, for 200 hours. . Phosphate concentration 
0.0644 molar. Vanadium concentration 0.0646 gm. atoms 
per litre.
Sorbed Sorbed Desorbed R Value R Value
M. At oms M. 'Holes M. Equivs. W.E.T. W.R.T.
V P04 Cl" V pq4
6. 6 V 04 0.81 2.026 3.29 0.399
6.6155 0.76 2. 026 3.26 0.384
6.6704 0.69 2. 021 3.32 0.341
6.6155 0.72 2 . 024 3.27 0.356
Mean R. Values s- 3 . 2 9  . 0.37 .
Column.experiments with same solution and quantities
of resin. 0.5 litres of solution passed through column
over three daysi. Capacity of resin samples.2.022 m.equivs.
Sorbed Sorbed R Value R Value
M. Atoms. M. Moles. W.R.T. W.R.T.
V P04 V p°4
6,3135 0.6 3,122 0.30.
6.4965 0.7 3.214 0.35
6.3690 0.65 3.150 0.32
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Table ,9-...
Batch experiments with phosphovanadate solutions 
of high.pH, (pH 5 to pH 6.), 150 ml* volumes of solution
in contact.with 0.5 gm. quantities . of. resin,. 1.82 weight
swelling value, for 200 hours. Phosphate concentration
0. 0315 molar. Vanadium concentration 0.0740 gm. atoms
per litre.
pH Sorbed Sorbed Desorbed R Value R Value
M. Moms. M,Moles. M.Equivs. W.R.T. W.R.T.
V h )4 . 01“ V po4
5.0 3.21 0.409 1.283 2.50 0.319
5.0 3.21 0.258 1.266 2,54 0.204
5.4 3.24 0.369 1.247 2.60 0.296
5.4 3.18 0.323 1.252 2.54 0.258
5.6 3.27 0.389 1.283 2.55 0.303
5.6 3.16 0.238 1.288 2.45 0.185
5. 9 3.18 0.317 1.241 2.56' 0.255
5.9 3.30 0.247 • 1.256 2.63 0.197
Mean R values j - . 2.545 0.251
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lable. 10. . . ............
The. absorption spectra of solutions of vanadyl (V) 
salts. Figure XXIV. Concentration of vanadyl ion in 
sulphate solution 0.0324 gm. atoms per litre. Concentration 
of vanadyl ion in perchlorate solution 0.04 gm. atoms 
per litre.
Vanadyl (V) Sulphate Variadyl (V) Perchlorate.
m ' fi t *:d. m fA T.h.
450 92.5 480 95.5
430 89.5 470 94.0
410 84.5 460 92.5
400 82.5 450 91*7
390 77.2 440 88.8
385 73'. 5 430 86.5
380 63,3 420 83.4
375 62.4 410 80.6
370 55* 3 400 76.0
365 49.8 390 69.0
364 49.2 385 64. 0
362.5 48.4 380 57.6
375 50.3
370 42.8
365 37.8
362 37.0
-3.3 9-
Table.11.
The absorption spectra of. solutions of. pentavalent 
vanadium, in phosphoric acid* . Figure. XXXV. . Concentration.. 
of vanadium in. phosphovanadate solution 0.01 gm. atoms per 
litre. Concentration of vanadium in phase diagram solutions 
solution associated with compound I, 0,00915 gm. atoms per 
litre, solution associated with compound II, 0.0224 gm. 
atoms per litre.
>sphovanadate Compound I. Compound II.
m T.D. m jA T.D. m jX T.D.
625 95.5 500 98.2 500 96.6
600 92.3 480 96.5 480 91.0
560 85.5 470 94.8 470 85. 0
540 80.2 46 0 91,6 460 74.5
520 74.2 450 86.0 450 60. 0
500 65. 0 440 78.3 440 41.7
480 54.3 43 0 67.8 43 0 24.6
470 47.2 420 54.8 420 10.5
460 41.3 400 29.6 410 3.6
450 34.0 390 19.5 405 2.1
440 27.5 385 16.4 400 1.4-
430 21.0 380 14.2 395 1.0
420 15.8 378 13.8 390 1,5
410 12,0 375 13.4 385 1. 9
400 9.0 373 13.3 380 3.4
390 6.8 370 14.5 375 5.0
380 6.8 365 18.3 370 7.7
370 9.1 365 12.7
365 12,1 362 16.3
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APPBSDiX I. .
Since the work on vanadates, described in..this
thesis, has been carried out two papers have appeared
which support the conclusion that the decavanadate ion
is the final stage of. .con.densa.tion. . ......
84...... These papers .are-by ...Chauveau . and Meier and
85Schwarzenbach and are concerned with titration techniques.
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